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ABSTRACT
The direct-fired supercritical CO2 (sCO2) cycle is conceptually superior to many of the
trending energy production technologies due to their remarkably promising efficiency,
environmental friendliness and cost. The accurate simulation of this combustion is very important
because the operating conditions are very challenging to its experimentation. Hence, the current
work focuses on identifying various thermal, transport, chemical kinetic models, investigating
various fundamental characteristics and verifying the validity of important underlying modeling
assumptions in focus to supercritical CO2 combustion.
In the current work, various thermal and transport property models are identified based on
accuracy, computational cost and ease of implementation for sCO2 combustion simulations.
Further, a validated chemical kinetic mechanism is developed for high-pressure and high-CO2
diluted combustion by incorporating state-of-art chemical kinetic rates which are specifically
calculated for sCO2 combustor conditions. Also, crucial design considerations are provided for the
design of sCO2 combustors based on 0-D and 1-D reactor models. Finally, important
characteristics of non-premixed sCO2 combustion are examined by a canonical counterflow
diffusion flame study.
KEY WORDS: Supercritical CO2 combustion, Oxy-fuel power cycles
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CHAPTER 1: INTRODUCTION
1.1 Background
The current growth in globalization, transportation and advancement in the human
civilization combined with rapid growth in the world’s population are demanding a high growth
in the electrical energy production. The World Energy Outlook (WEO) New Policies Scenario
2018 expects that the global energy needs to rise by over 25%, by 2040. Aside from the challenges
of meeting expected energy demand, rapid rise in greenhouse gases such as CO2, CH4, N2O and
Fluorinated gases are alarming the future of this planet. The largest source of CO2 from human
activities in the United States is from burning fossil fuels for electricity [1]. As per NOAA Earth
System Research Laboratory, annual average CO2 levels are higher than at any point in at least the
past 800,000 years [2].

Figure 1- 1: CO2 emission by source in the USA in 2017 [1]
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Hence, government and industries have started exploring various technologies which could
address both the energy demands and environmental concerns. The conceptual supercritical CO2
(sCO2) power cycles are gaining the attention of government, academic institutions and industries,
due to its remarkable theoretical promise of efficiency, compactness and eco-friendliness.
Numerous studies have shown that the sCO2 power cycles have potential to attain significantly
higher efficiencies than conventional steam Rankine cycle [3, 4] due to the attractive
characteristics of sCO2 above its critical point. CO2 has high density, low viscosity and high
specific heat near to critical point as shown in the Figs. 1-2 to 1-5 [5].

Figure 1- 2: Variation of CO2 density near critical point [5]

Figure 1- 3: Variation of ration of specific heats of CO2 near critical point [5]
2

Figure 1- 4: Variation of viscosity of CO2 near critical point [5]
The high density reduces the required compressor power and allows compact
turbomachinery due to low volumetric flow, low viscosity reduces transmission loss in the
compressor, and high specific heat reduces the temperature change due to enthalpy and this
characteristic of sCO2 could reduce the number of inter cooling and reheating stages. All these
characteristics add more additional points to sCO2 cycle on efficiency scale [4]. Also, various
studies have shown that the cost of operation of sCO2 cycles is economically impressive [6-10].
Further, the specific selection of CO2 as the supercritical fluid allows the power cycle to be easily
paired with range of heat sources that include conventional fuel, nuclear, and renewable energies
due to its critical point temperature being closer to ambience (31.10o C). The wide range of sCO2
cycle applicability based on source temperature and corresponding thermal efficiency can be seen
in Fig. 1-5 [11]. Therefore, various government and industrial funding agencies across the globe
are dynamically sponsoring the research related to sCO2 power cycles.

3

Figure 1- 5: Thermal efficiencies of sCO2 cycles at various source temperatures [11].
The current work focuses mainly on combustion aspect of the direct-fired sCO2 cycles.
Here, fuel (natural gas or syngas) and oxygen are burnt directly in the cycle in the presence of
sCO2. The wide availability of natural gas across the globe is one important positive driving force
for this technology apart from many other promising features such as higher thermal efficiency,
complete carbon capture without additional cost, compact foot print, zero greenhouse gas
emissions, viable to install at desert areas, and the possibility of supplying excess sCO2 in the cycle
for other commercial applications. Also, it is estimated that, a 300 MW direct-fired sCO2 plant
could produce one million gallons of the water per day [12]. Therefore, direct-fired sCO2 cycles
are standing as an attractive alternative for current high source temperature, high power cycles.
The layout of this cycle is shown in the Fig. 1-6 [12]. As shown in this figure, oxygen will
be separated from the Air Separation Unit (ASU). The quality and quantity of air separation
process is very crucial for huge power oxy-combustion applications. However, it is interesting to
know that several advancements have been made by [13, 14] to demonstrate the feasibility of
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oxygen separation at a higher rates as per the need of oxy-combustion systems. The pure oxygen
supply from ASU burns along with natural gas or syngas in the combustion chamber in the
presence of sCO2. At the downstream of the combustor, the post combustion stream (majorly
consists of CO2 and H2O) are expanded through turbine, heat exchanger and then gets condensed.
Further, H2O (liquid) and CO2 (gas) will be separated in a water separation unit. The remaining
CO2 will re-circulated back to the combustion chamber via heat exchanger. The excess CO2
produced in the loop will be used for other commercial purposes.
The theoretical thermal efficiency of this cycles is remarkable and it is around 58% [10,
15]. However, the operating conditions of the combustion chamber are unconventional and
challenging. As per current state-of-art (as shown in Table 1-1) the operating temperature of the
combustor is between 760o C-1150o C and pressure is 300 bar approximately. Also, the sCO2
dilution is more than 95% by mass.

Figure 1- 6: The layout of Allam cycle [12]
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Table 1- 1: Operating conditions of the direct-fired sCO2 combustor.
Parameter

Operating conditions

1) Fuel

Natural gas/ Syngas

2) Oxidizer

Oxygen

3) Operating temperature

760-1150 oC

4) Operating pressure

300 bar

5) Percentage of sCO2 dilution

> 95% by mass

Though, the potential and benefits of the direct-fired sCO2 cycle is superior to many of
the trending energy production technologies, the operating conditions are stumbling blocks to its
design and development. Any experimentation on combustion phenomenon at ~300 bar pressure
and 95% CO2 dilution are expensive, time consuming and even dangerous. Hence, accurate
modeling of sCO2 combustion phenomenon would help developers significantly in the initial
design and development process.
It is known that, combustion is a complex physical phenomenon which involves the fluid
flow, chemical kinetics and heat transfer. Importantly, the interaction between these three
phenomena. Due to the nature of the involved complexity and limitation of the computational
power, most of the theory and models in combustion are built based on certain underlying
assumptions. For example, one of the commonly seen fundamental assumption in conventional
combustion modeling is the ‘ideal gas assumption’. In this assumption, it is assumed that the mean
free path between the molecules is large and hence there are no inter molecular forces. Although
no gas has this property, but at very high temperatures and low pressures, many of the gas’s
behavior can be closely estimated with this assumption. However, at supercritical pressures where
6

the molecules are closely packed, hence this assumption is no more valid. Therefore, it is very
important to understand the fundamental characteristics of the sCO2 combustion before choosing
an appropriate model for combustion simulation. Hence, this work primarily focuses on exploring
the combustion characteristics and models needed for sCO2 combustion simulations.
The sCO2 combustion simulations need, thermal and transport models, chemical kinetic
models, and accurate turbulent combustion models shown in the Fig. 1-7. This list can be extended
to soot, combustion dynamics, natural and syngas kinetics etc., in the future as the technology
progresses. But, the current work focuses on the three aspects as shown in Fig. 1-7.

Figure 1- 7: Radial chart illustrating various important input models for accurate sCO2
combustion simulations.
The current thesis is organized as follows. The Chapter 2 focuses on identifying various
thermal and transport property models suitable for simulating sCO2 combustion. Here, merits and
demerits of various models is discussed in detail and best models are chosen based on the accuracy,
7

computational cost and ease of implementation. Also, influence of repulsive forces on various
thermal properties is studied.
The Chapter 3 focuses on identifying a base suitable mechanism suitable for sCO2
combustion simulations, updating the base mechanism with state-reaction rate constants which are
specifically calculated for sCO2 combustion and validating the mechanism with available
supercritical CO2 shock tube experimental data.
The Chapter 4 focuses on understanding the design requirements of sCO2 combustors by
0-D and 1-D reactor network modeling. This chapter provide crucial design considerations for
sCO2 combustor.
The Chapter 5 focuses on investigating fundamental characteristics of sCO2 non-premixed
combustion by using a canonical counterflow diffusion flame. Further, it verifies the applicability
of common underlying assumptions. Also, the characteristics discussed in this chapter help in
choosing a right turbulent combustion model based on sCO2 combustion regime.
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CHAPTER 2: THERMAL AND TRANSPORT PROPERTIES FOR sCO2
COMBUSTION
2.1 Introduction
At supercritical operating pressures, the mean free path between the molecules reaches to
a distance where the intermolecular forces becomes prominent [16]. Though, there always exists
an attraction or repulsion force between the molecules of any fluid, at sub-critical pressures the
magnitudes of these forces are trivial [17] and do not impact the thermal properties of the fluid. In
a supercritical combustion environment where there are hundreds of species and radicals, the
influence of intermolecular forces depends on the proportion of the mixture constituents.
Therefore, the rules or models of thermal properties which are developed to consider the combined
effect of the mixture constituents is very important and needs to be identified before a simulation.
The thermodynamic behavior of supercritical fluids has been well recorded by researchers for
applications such as petroleum, food processing, pharmaceutical, textile, metallurgical and
rockets. There is significant literature available on thermal properties, theoretical modelling and
advanced numerical simulations [18-24] of rocket combustion applications. However, for
emerging sCO2 combustion, the fundamental thermal quantities such as specific heats, speed of
sound, enthalpy, entropy, compression factor etc., are not yet accurately quantified. Therefore, the
main motivation of this work is to provide a quantification of the important thermal property
models which are useful in calculations of combustion systems. The Equation of State (EOS) is
most important in quantifying the thermal properties of a system because every thermal property
is directly related to pressure, temperature and specific volume of that system and the EOS is the
relation which connects these three parameters. Therefore, first aspect of any supercritical
combustion simulation is, choosing a suitable the EOS. Hence, a brief review of EOS’s and the
9

formulations of EOS for combustion mixtures are discussed in detail and then, a comprehensive
analysis is carried out between most popular EOS such as Peng-Robinson (PRS) and SoaveRedlich-Kwong (SRK) at various turbulence levels to identify the best suitable EOS for sCO2
combustion simulations.
In subsequent sections, the importance of compression factor (𝑍) in sCO2 combustion
modelling is discussed in detail along with a correlation to model 𝑍 in 1D combustor analysis is
proposed. Later, important combustion parameters such as constant pressure specific heat (𝐶𝑝 ),
constant volume specific heat (𝐶𝑣 ), ratio of specific heats (𝛾), compression factor (𝑍), isothermal
compressibility (𝛽𝑇 ), and process index (𝑛𝑠 ) are quantified.
Finally, high-pressure viscosity and thermal conductivity models for mixtures and purecomponents are reviewed from literature and the suitable models are identified for sCO2
combustion simulations based on their accuracy and computational time.

2.2 Modeling
It is known that, under supercritical conditions the ideal gas assumption will not predict
the system density correctly due to the existing repulsive or attractive forces between the
molecules. These intermolecular forces completely alter the thermal and kinetic properties of the
combustion like enthalpy, entropy, reaction rates, etc., therefore, the kinetic tool which is being
used for the simulation of sCO2 combustion must have the capabilities to calculate the thermal and
kinetic properties based on the EOS. The CHEMKIN-RG (extended version of CHEMKIN) is
one such tool developed by Schmitt, R.G., et al., [25] in 1993 and this tool is coupled with an inhouse Premixed-Conditional-Moment Closure code (PCMC) [26] for the estimating the state
related thermal properties of sCO2 combustion at different turbulence levels. The PCMC model as
10

shown in Eq.2-1, is a premixed turbulent combustion model which conditions the species mass
fractions on the reaction progress variable (RPV) and closes the chemical source terms in the
enthalpy equation with conditioned reaction rates [27]. In other words, the PCMC can estimate all
the species mass fractions involved in combustion as the reaction progresses from unburnt to fullyburnt conditions, at various turbulence levels by solving the second order PCMC ordinary
differential equation for each species with a two-point boundary value problem solver.
A high-pressure methane kinetic mechanism, Aramco 2.0 [28], which is validated up to
260 atm. pressure in 67% argon dilution and up to 180 atm. in 55% N2 dilution, is used. The
mechanism is also validated with 90% CO2 diluted, 110 atm., unpublished shock tube auto-ignition
data. The Aramco mechanism is also compared with the GRI 3.0 [29] and USC [30] mechanisms
up to 40 bar with equivalence ratios up to 3, and found to be better performing again available
shock tube data [31]. The Aramco 2.0 mechanism tailored for C1-C2 compounds has 73 species
and 426 reactions.
The PCMC equation:
′′
′
⟨𝜌̅ 𝑁|𝜁⟩𝑄̃𝑖 − ⟨𝜌̅ 𝑆̃𝑐 |𝜁⟩ 𝑄̃𝑖 + ⟨𝜌̅ 𝜔
̃̇𝑖 |𝜁⟩ = 0

(2- 1)

Here, 𝜌̅ is the density, 𝑁|ζ is the conditioned scalar dissipation (level of small scale
turbulence), 𝑆̃𝑐 |𝜁 is the conditioned source term for the RPV Eqn., 𝜔
̃̇𝑖 |𝜁 is the conditioned reaction
rate and 𝑄̃𝑖 are the conditioned mass fractions and the derivatives are with respect to the RPV [2,
11]. It should be noted that, for simplicity, the conditioning of these variables (|𝜁) is symbolically
not shown in the further discussions of this dissertation. This PCMC model is explained in more
detail in the Chapter 6 of this dissertation.
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2.3 The Equation of State
The Equation of state (EOS) is a correlation which describes the relation between pressure
(P), temperature (T) and density (ρ) of a thermal system. Every fluid or mixture exists under a
phase i.e., solid, liquid or gaseous vapor, based on the pressure and temperature acting on that
system. At lower pressures and temperatures, the liquid phase of the system will have a different
density than the gaseous phase. But, as the pressure and temperature increases, the difference
between the phase densities decreases and at one combination of pressure and temperature, the
density of both phases becomes the same and at this point the phase of the system cannot be
distinguished based on the density. This combination of pressure and temperature is called the
critical point and any pressure and temperature combination above the critical point is considered
as supercritical state. A schematic diagram is shown in Fig. 2-1, to illustrate the critical point of
CO2 and the operating conditions of sCO2 combustor in that state diagram. In these supercritical
states, the molecules are pushed very close in such a way that the attractive or repulsive forces
between the molecules becomes significant. A supercritical fluid has some liquid and some gas
properties.
From molecular theory of collisions, the temperature is nothing but the average kinetic
energy of the molecules in the system and the pressure is created when these moving molecules
collide with the boundary of the system. Therefore, when there are significant intermolecular
forces at the microscopic level the average kinetic energy of the molecules i.e., the temperature of
the system may increase or decrease and similarly the specific volume of the system may be
affected. Therefore, a correction factor is needed for temperature and pressure terms in the thermal
equations. But any thermal property can be determined by two fundamental quantities from the
pressure, temperature and density. The EOS is the relation which connects these three properties.
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Figure 2- 1: The schematic state diagram of pure CO2
For real gases, the thermodynamic state equation turns into the Eq. 2-2.
𝑃 = 𝜌𝑍𝑅𝑚𝑖𝑥 𝑇

(2- 2)

Here, 𝑃 is pressure (Pa), 𝜌 is density of mixture (kg/m3), 𝑅𝑚𝑖𝑥 is gas constant of that
mixture (kJ/Kg-K), T is temperature (K), 𝑍 is compression factor or compressibility factor. For
ideal gases 𝑍 is unity and for real gases it can be either greater or less than one. A 𝑍 value less
than one represents the attractive forces and Z greater than one represents the repulsive forces
between the molecules. In general, the 𝑍 value is less than one after the critical point because as
the molecules come closer due to pressure they initially experience attractive forces and after a
certain combination of pressure and temperature it again becomes greater than one due to the
strong repulsion of electron clouds over the molecules. Also, the behavior of 𝑍 varies from species
to species and especially, in combustion it also depends on inter-species interactions. Therefore,
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the first interesting question to be asked is, whether sCO2 operating conditions are in a zone where
the molecules are repelling or attracting? This question is answered in the next sections.
In a combustion mixture, there exists polar molecules and non-polar molecules. The polar
molecules are one which will have ionic-charges on their outer atoms (for example H2O) and nonpolar molecules will have neutral charges on the outer atoms (for example CO2 and O2). Therefore,
to measure the repulsion or attraction forces accurately one may need to have finer molecular
details.
Boyle was the first person to demonstrate the P-T-ρ relation for an ideal gas, but only the
extensive work of Van der Waals in the late eighteenth century [32] delineated the first
approximation of EOS for real gases. The EOS can be broadly categorized into three types, they
are the virial-type, molecular-based and van der Waal type EOS [33, 34]. The virial and molecular
based EOS are highly accurate and complex in their formulations. Therefore, using such EOS types
in CFD combustion applications is difficult because, the EOS must consider all the species
involved in the mixture and solve for each cell in the computational domain at each time step. The
NIST-REFPROP [35] is one such program where complex EOS of such type are used to calculate
the thermal properties of the fluids and fluid mixtures. The computational expensiveness involved
in using the NIST for CFD is reported in [36]. However, it must be noted that the NIST is
considered as the most accurate EOS available.
Therefore, it is usual in the literature to see the usage of NIST as a reference for EOS
validations where experimental data is not available. The third category of EOS, i.e., the van der
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Waals type of EOS are empirical in nature and they are the main type used in combustion
simulations.
Succeeding proposals after van der Waal have largely modified the basic van der Waals
correlation for better accuracies. The improved van der Waals class equations like Redlich-Kwong
(RK) [37], Soave-Redlich-Kwong (SRK) [38] and Peng-Robinson EOS (PRS) [39] are the most
popular EOS for supercritical CFD simulations of Rocket combustion systems [40, 41] due to their
simple formulation and modest computational cost.
The work of Patel [42] proposed a common cubic equation form for RK, SRK and PRS
EOS as shown in Eq. 2-3.
𝑅𝑇

𝑎(𝑇)

𝑃 = (𝑉−𝑏) − 𝑉(𝑉+𝑏)+𝑐(𝑉−𝑏)

(2- 3)

Here, 𝑅 is the universal gas constant, 𝑎 is a function of temperature and 𝑏 and 𝑐 are
temperature corrections. The term 𝑎 represents the temperature correction factor and 𝑏, 𝑐 represent
the corrective factors for volume terms in the equation. When 𝑐 = 𝑏, Eq. 2-3 reduces to the PengRobinson equation and when 𝑐 =0, it reduces to the Redlich-Kwong or Soave-Redlich-Kwong.
Also, Eq. 2-3 can also be represented in a cubic form of 𝑍 as shown in Eq. 2-4. The following set
of important equations are reproduced from the CHEMKIN-RG manual [25].
𝑍 3 − (1 + 𝐵 ∗ − 𝑢𝐵 ∗ )Z 2 + (𝐴∗ + 𝑤𝐵 ∗2 − 𝑢𝐵 ∗ − 𝑢𝐵 ∗2 )𝑍 − 𝐴∗ 𝐵 ∗ − 𝑤𝐵 ∗2 − 𝑤𝐵 ∗3 = 0 (2- 4)
In Eq. 2-4, the 𝑍 can be solved analytically, and it will have three solutions due to its cubic
order. Only, when the mixture of interest is subcritical in both pressure and temperature, there are
three real roots to this equation. Therefore, at subcritical conditions, the correct real 𝑍 must be
identified by phase equilibrium procedure and for supercritical conditions the largest real root can
be considered as the compressibility factor.
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𝑎 𝑃

In Eq. 2-4, the term 𝐴∗ is non-dimensional attraction term and is equal to 𝑅2𝑚𝑇 2 , 𝐵 ∗ is nondimensional repulsive term and is equal to

𝑏𝑚 𝑃
𝑅𝑇

. The mixing rules in Eq. 2-5 and 6 are used to find

am and bm.
𝐾𝐾

𝑎𝑚 = ∑

𝑖=1

1/2
∑𝐾𝐾
− (1 − ̅̅̅̅
𝑘𝑖𝑗 )
𝑗=1 𝑋𝑖 𝑋𝑗 (𝑎𝑖 𝑎𝑗 )

(2- 5)

and,
𝑏𝑚 = ∑𝐾𝐾
𝑖=1 𝑋𝑖 𝑏𝑖

(2- 6)

Here, the subscript 𝑖 refers to a species index, 𝑋𝑖 represent mole fractions, 𝑎𝑖 and 𝑏𝑖 are
pure species properties, and 𝑘𝑖𝑗 are binary-interaction coefficients that are determined empirically.
Although empirical in practice, this interaction coefficient is a measure of deviations from the ideal
solution behavior for interactions between the 𝑖 𝑡ℎ and 𝑗 𝑡ℎ components [43]. Thus, its value is 1.0
when 𝑖 equal 𝑗, i.e., for pure fluid interaction and it is nearly 1.0 for component pairs which form
nearly ideal solutions. Its value differs considerably from 1.0 when the component pair forms
highly non-ideal solutions. Also, many commercial CFD codes assume this value to be ‘0’. Thus,
accurate values of 𝑘𝑖𝑗 are required when 𝑖 or 𝑗 is a light hydrocarbon or a nonhydrocarbon (for
example methane with hydrocarbons heavier than n-butane, CO2-hydrocarbon, H2S-hydrocarbon
and N2-hydrocarbon mixtures). More detailed information about 𝑘𝑖𝑗 can be found in [44-47]. Also,
the coefficients 𝑢, 𝑤, 𝑎 and 𝑏 for Eq. 2-4 are presented in Table 2-1. The choice of these
coefficients changes Eq. 2-4 to the EOS of interest.
The CHEMKIN-RG has the capabilities to model the EOS’s by van der Waals (vdW),
Redlich-Kwong

(RK),

Soave-Redlich-Kwong

(SRK),

Peng-Robinson

(PRS),

Becker-

Kistiakowsky-Wilson (BKW) and Nobel-Abel (NA) EOS. In the current work, only the RK, SRK
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and PRS EOS are used for comparison, because these are the most popular EOS which are being
used in rocket combustion simulations.
Table 2- 1: The coefficients for cubic equation of state
EOS

𝐮

𝐰

𝐛

𝐚

vdW

0

0

𝑅𝑇𝑐
8𝑃𝑐

27 𝑅 2 𝑇𝑐2
64 𝑃𝑐

RK

1

0

0.08664𝑅𝑇𝑐
8𝑃𝑐

0.42748 𝑅 2 𝑇𝑐2.5
64
𝑃𝑐 𝑇 0.5

SRK

1

0

0.08664𝑅𝑇𝑐
8𝑃𝑐

0.42748 𝑅 2 𝑇𝑐2.5
𝑙
64
𝑃𝑐 𝑇 0.5

PRS

2

0.07780𝑅𝑇𝑐
8𝑃𝑐

0.42748 𝑅 2 𝑇𝑐2.5
𝑙
64
𝑃𝑐 𝑇 0.5

1

Here,
𝑇𝑐 −Critical Temperature of the species,
𝑃𝑐 − Critical pressure of the species,
𝜔 −ascentric factor of the species,
𝑙 = [1 + 𝑓𝜔 (1 − 𝑇𝑟0.5 )]2,
For SRK EOS, 𝑓𝜔 = 0.48 + 1.574𝜔 − 0.176𝜔2 and
For PRS EOS, 𝑓𝜔 = 0.37464 + 1.54226𝜔 − 0.26992𝜔2
It must be noted that, the critical properties like 𝑇𝑐 , 𝑃𝑐 and 𝜔 for all the species and radicals
in a combustion phenomenon are not available in the literature. Therefore, it is the practice to
assume the critical properties of the largest diluent in the simulation to the species or radicals for
which the critical properties are not known.
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Since these cubic-EOS are empirical by their origin, adopting them to an application
requires a validation with data. For example, some investigations recommend SRK EOS for
CH4/LOx and kerosene/LOx mixtures [22, 48]. Whereas Poschner and Pfitzner [49] recommends
PRS for H2/O2 mixtures. Nonetheless, the most used EOS are the SRK and PRS. The Figure 2-2
and 3 shows the P-T-ρ correlations of CO2 and O2 with various EOS models. The Fig. 2-2
illustrates a better accuracy for PRS EOS over SRK and RK EOS when compared with NIST and
this accuracy increases as the temperature increases. Interestingly, the accuracy of SRK EOS also
increases with temperature and beyond 1200 K, the SRK and PRS are not distinguishable. For
sCO2, the average deviations of PRS and SRK EOS with NIST are 0.04 and 1.87 percent
respectively. Further, Fig. 2-3 shows the better accuracy of SRK EOS over PRS and RK. For sO2,
the average deviations of PRS and SRK EOS with NIST are 1.47 and 0.25 percent respectively.
The percentage deviations of EOS of sCO2 and sO2 illustrates that, the PRS EOS, which is accurate
for sCO2 is not as accurate as SRK EOS for sO2. Therefore, the best EOS for combustion mixture
depends on the proportions of the CO2, O2 and other mixture constituents. It is known that the
proportion of these species vary from unburnt to fully-burnt condition and at various turbulence
levels.
It is shown that, the chemical pathways are influenced by the small-scale turbulence
(turbulent dissipation rates, N) [27]. The turbulent dissipation rate characterizes the magnitude of
molecular mixing (small scale turbulence) in a combustion process, were the pockets of high strain
change in the local chemical reactions which influence chemical kinetic pathways [50]. Therefore,
the proportions of mixture constituents vary between the turbulent regimes of large dissipation
difference [26]. Hence, this EOS validation is also carried between two turbulent dissipations
values such as N=10,000 and N=1. Most of the EOS validation in previous literature is available
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only for pure species. However, in the current investigation, the EOS validation is carried for
combustion mixtures at various reaction progress variables (RPV).

Figure 2- 2: P-T-ρ Correlation of various EOS models for sCO2

Figure 2- 3: P-T-ρ Correlation of various EOS models for sO2
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For the comparison of EOS’s, the determination of mass fractions at various RPV has been
made with the PCMC code as described above and CHEMKIN-RG is used for thermal state
prediction. The RPV determines the amount of enthalpy released out of reaction from the total
available enthalpy of that mixture. When RPV is equal to zero, that is the mixture is still unburnt
and when RPV is one, the mixture has released its complete enthalpy content, or in other word the
combustion is complete.
Figure 2-4 is a schematic of the mixture compositions considered for EOS comparison and
the reference inlet mixture is chosen as shown in Table 2-2. When RPV is zero, that is at the inlet
unburnt mixture, the mole ratio of CH4 to O2 is fixed at 0.5 (stoichiometric) and the number of
CO2 moles is twenty-four. This combination of CH4, O2 and CO2 gives the outlet temperature as
~1500 K. The PCMC first calculates the equilibrium solution of this inlet condition and then, it
solves the PCMC equation (Eq. 2-1) between these inlet and equilibrium solutions for various
turbulent dissipation values (N). Therefore, based on N value, the proportion of mixture
constituents vary between RPV =0 to 1. The PCMC can calculate the mass fraction of all the
species involved in the chemical mechanism i.e., Aramco 2.0 by a constant enthalpy and constant
pressure process. But, NIST can only calculate the properties of the mixture having seven species
such as CO2, CH4, O2, H2, H2O, CO, and C2H6. Despite such limited number of species, the NIST
can be still used for sCO2 combustion EOS validation because, at any given RPV the sum of all
these mole fractions are more than 99.99%. The operating condition one (OP1) as shown in Table.
2-2, is considered for the EOS comparison. This operating condition considers the approximate
boundary conditions for sCO2 combustors, i.e., the inlet temperature as 1000 K, exit temperature
as 1500 K and the inlet CH4-O2 ratio in stoichiometric proportions.
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The difference in the mass fractions of the PCMC solution by SRK and PRS is observed
to be negligible (less than 0.001%) for the major species like H2O, O2 and CO2, but for CH4 this
difference is up to 2.1% and the temperatures differed by 0.12%. Therefore, an average mass
fractions and corresponding temperatures of both SRK and PRS solutions has been taken to find
the corresponding thermal properties from the NIST. In this comparison, the RK EOS is not
considered due to its higher deviation from NIST.
The Figs. 2-5 and 6 shows the comparison of thermal state prediction of PRS and SRK
EOS with NIST at a pressure of 300 atm at two different turbulent dissipation rates. Due to the
variation of species between the unburnt to completely burnt mixture at these turbulent dissipation
values, a density difference of 2.5 % is observed. The primary vertical axis represents the mixture
density, whereas the secondary vertical axis represents the difference of the EOS prediction with
NIST.
The result shows that the SRK EOS has better accuracy for density prediction at both the
turbulent dissipation values. The average deviation of SRK EOS is 0.71 %, whereas for PRS it is
1.78 % when N=1 and at N=10,000 the SRK EOS is 0.70 % and PRS has 1.71 %. These narrow
deviations of SRK EOS with NIST shows that, both the EOS are equally suitable for sCO2
combustor simulations. Also, it is observed that, the computational time for these EOS is almost
the same because both the EOS are derived from the same cubic equation of state.
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Figure 2- 4: Schematic diagram to illustrate the mixture conditions considered for comparing
EOS

Figure 2- 5: Comparison of PRS and SRK EOS with NIST at a turbulent dissipation value N=1
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Figure 2- 6: Comparison of PRS and SRK EOS with NIST at a turbulent dissipation value
N=10000

2.4 Compression factor

When the flow is incompressible, the thermodynamics can be separated from the fluid
kinematics (the movement of the flow) and fluid dynamics (the forces in the flow) [51]; it is a
simplified assumption for many of the non-reacting flows where the density of the system is almost
constant and this incompressible assumption makes the flow much easier for analyzing. However,
pressure gradients, temperature gradients, Mach number variations can cause the flow to be
compressible. But in supercritical flows it also appears due to molecular attractive and repulsive
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forces which are represented by 𝑍. Therefore, it is essential to understand the behavior of 𝑍 in
sCO2 combustion.
Figure 2-7 shows the variation of compressibility factor under various operating conditions
as listed in Table 2-2. Here, the operating conditions represent various possibilities of sCO2
combustor operation. As explained in previous sections, OP1 is the reference case used in the
current work, which considers the inlet and outlet boundary conditions for a sCO2 combustor. The
quantification of fundamental thermal properties in this literature are based on the OP1. The OP2
show what may happen to the 𝑍 when CO2 mole fraction increases in the reference mixture, the
OP3 shows what may happen to the 𝑍 when CH4 and O2 mole fractions in reference mixture
increases, the OP4 shows what may happen when the inlet temperature in the reference mixture is
decreased. In the later part of this section an empirical correlation is proposed for the estimation
of 𝑍 in the sCO2 combustor. The Operating condition OP5-OP8 are used as additional validating
cases for this model.
Also, Fig. 2-7 answers the question which is being asked in the previous section, i.e.,
whether sCO2 operating conditions are in a zone where the molecules are repelling or attracting?
The answer is, the sCO2 combustor exists in an operating zone where there exist repulsive forces
among the molecules. The gradual decrement of 𝑍 with respect to the progress variable in Fig. 27 shows an important design aspect to the sCO2 combustor designers. Because, from Eq. 2-2, the
𝑍 is proportional to the pressure and as the reaction progresses (temperature of the mixture
increases) the static pressure may reduce. In a conventional gas turbine combustor, the loss of
static pressure may be due to flow obstacles or due to turbulent mixing, however in sCO2
combustors the designers should deal with the depreciation of 𝑍 in the combustor due to the
supercritical nature of the flow. It is also interesting to note that, beyond the critical point, up to
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certain pressures the 𝑍 value increases with temperature and this phenomenon get reversed after a
certain supercritical pressure. The sCO2 combustor operating conditions are existing in a zone
where the 𝑍 decreases with temperature.
Figure 2-7 also shows that, the slope of 𝑍 is larger for OP3, which indicates that, increasing
the inlet CH4 and O2 would increase the static pressure loss, it is mainly due to the increase in
temperature (the Z loss is 5% in this case). Whereas OP2 and OP4 show a minimum slope which
indicates that, the static pressure loss can be minimized either by increasing the CO2 content in the
initial mixture or by decreasing the inlet temperature. It is because, the addition of CO2 absorbs
the temperature released due to its high specific heat and the lower inlet temperature results in a
lower final temperature. The dilution of the combustion mixture with additional CO2 after
combustion would help in regaining the 𝑍 and hence the static pressure.
In ideal gases, the pressure is nothing but the rate of change of momentum exchange per
unit area of the combustor walls. In supercritical conditions, the repulsive forces between the
molecules will be added to the overall momentum and hence pressure. Therefore, the pressure
correction equation is modified for the Pressure Implicit Split Operation algorithm (PISO) and the
suitable solution sequence is suggested by Park and Kim [52]. Basically, the 𝑍 factor is considered
in the PISO algorithm from the real-gas EOS, instead of ideal gas EOS.
The calculation of 𝑍 is very important because the thermal properties in supercritical
combustion are functions of 𝑍. Some important isentropic flow relations are presented in Table 23, from the work of Baltadjiev [53]. Therefore, in this work an empirical model as shown in Eq.
2-7 is suggested. This equation is derived from the analysis of the combustion result of the
operating conditions presented in Table 2-2. This model is useful in simple sCO2 cycle calculations
(including combustor).
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Table 2- 2: Operating conditions considered for investigating the behavior of 𝑍
Initial
Initial molar
Operating

Temperature
What it explains?

mixture

Condition

(K) / Pressure
(CH4/O2/CO2)
(bar)

OP1

Reference Mixture

1/2/24

1000/300

OP2

When the inlet [CO2] increases

1/2/40

1000/300

2/4/24

1000/300

1/2/24

800/300

When the inlet [CH4+O2]
OP3
increases
When the inlet temperature
OP4
decreases
OP5

Validation case-1

2/4/24

800/300

OP6

Validation case-2

1/2/24

1000/250

OP7

Validation case-3

2/4/24

1000/250

OP8

Validation case-4

1/2/24

1200/300

The density values can be computed from the ideal gas assumption and then it can be
corrected with the Z calculated from the Eq. 2-7. This equation is validated for the inlet pressure
250-300 bar, inlet temperature 800 K – 1200 K, inlet stoichiometric CH4 and O2 mixture and CO2
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mole fraction up to 0.93. Here, (𝑛𝐶𝑂2 )𝑖𝑛 is the inlet CO2 moles, (𝑛𝐶𝐻4 )𝑖𝑛 is the inlet methane
moles, and 𝑇𝑖𝑛 is the inlet temperature in K.

Z = (A1 − A2 ∗ (

(𝑛𝐶𝐻4 )𝑖𝑛
) − 𝐴3 ∗ (300 − 𝑃𝑖𝑛 ))
(𝑛𝐶𝐻4 )𝑖𝑛 + (𝑛𝑂2 )𝑖𝑛 + (𝑛𝐶𝑂2 )𝑖𝑛

−(1 − 𝐴4 ∗ (300 − 𝑃𝑖𝑛 )) ∗ 𝐴5 ∗ {(1 + 𝐴6 ∗ (𝐴7 − (𝑛𝐶𝑂2 )𝑖𝑛 ))
−(𝐴8 ∗ (1 − (𝑛𝐶𝐻4 ) 𝑖𝑛 ))
−(𝐴9 ∗ (𝐴10 − 𝑇𝑖𝑛 ))} ∗ 𝑅𝑃𝑉

(2- 7)

The calibrated constants are as follows,
A1 = 1.0965 , A2 = 0.0217, A3 = 0.36𝑒 −3
A4 = 0.38𝑒 −2 , A5 = 0.0272, A6 = 0.0237,
A7 = 24, A8 = 0.6581, A9 = 0.00136 and A10 = 1000

Figure 2-8 shows the correlation plot between the modelled Z and calculated Z by the SRK
EOS. This model is validated with all the operating conditions from OP1-OP8 in Table 2-2. Each
symbol in the plot represents the Z value at an operating condition over a RPV values from 0 to 1.
All these data points in the plot are well inside the 0.5 % error lines, which indicates that the
proposed model predicts the Z as accurate as 0.5%.
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Table 2- 3: Important fluid flow relations
Parameter

Real gas

Ideal gas

Isothermal compressibility (β 𝑇 )

1 1 𝜕𝑍
− ( )
𝑃 𝑍 𝜕𝑃 𝑇

1
𝑃

Isobaric compressibility (β𝑃 )

1 1 𝜕𝑍
+ ( )
𝑇 𝑍 𝜕𝑇 𝑃

1
𝑇

γ
β𝑇 𝑃

γ

γ − 1 β𝑇 𝑃
γ β𝑃 𝑇

γ−1
γ

√𝑛𝑠 𝑍𝑅𝑇

√γ𝑅𝑇

Isentropic pressure exponent (𝑛𝑠 )
Isentropic temperature exponent (𝑚𝑠 )

Speed of sound (𝑎)

Figure 2- 7: Variation of Z with respect to RPV at various sCO2 combustor operating conditions
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Figure 2- 8: Error plot for Z from the model and Z from SRK EOS
2.5 Specific heat capacities
The specific heat of a system indicates the resistance of the system to change its
temperature when heat is added. Due to the high heat capacity of CO2 compared to other species
in a combustion mixture, the CO2 in a sCO2 combustor carries most the enthalpy with its flow
rather than raising the temperature. However, for supercritical combustion, the 𝑍 factor also
influences the specific heats. An attempt is made in this section to estimate 𝑍 influence in sCO2
combustors. Figure 2-9 shows the variation of 𝑐𝑝 , 𝑐𝑣 and 𝛾 (ratio of specific heats) for combustion
mixtures with real gas and ideal gas assumption. The figure illustrates that specific heat capacities
calculated for sCO2 combustion mixtures are always greater than the values calculated by ideal
gas assumption because the 𝑍 value is always greater than unity. Many simple hand calculations
assume a constant 𝛾 for combustor calculation, however the result shows that 𝛾 of sCO2
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combustion vary significantly between reactants to the products. Hence, this variation must be
accounted.
The general formula for specific heat is given by the expression.
𝑐=(

𝑑𝑒
)
𝑑𝑇 𝑝 𝑜𝑟 𝑣

𝐸
𝑑 (𝑚)
⇛𝑐 =(
)
𝑑𝑇
𝑝 𝑜𝑟 𝑣

𝐸
𝑖𝑉
𝑍

𝑑(𝜌 )

⇛𝑐=(

𝑑𝑇

)

(2- 8)

𝑝 𝑜𝑟 𝑣

From Eq. 2-8, for the same energy content (E) of the system, the specific heats in the sCO2
combustion system is always higher than the ideal gas case. It must be noted that, as discussed in
the earlier sections there are some operating conditions beyond the critical point, where the 𝑍 is
less than unity and in this region, the specific heats are less than the ideal gas assumption. In other
words, the specific energy in an sCO2 combustion mixture is higher because of repulsive forces
among the molecules. In fact, these repulsive forces when considered, increase all the specific
properties such as entropy, Gibbs energy, etc.
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Figure 2- 9: Specific heats comparison with real gas and ideal gas assumption for sCO2
combustion mixture

2.6 Pressure exponent
As shown in Table 2-3, the isentropic processes for real gases in the 𝑝 − 𝑣 coordinate
γ

system is described as 𝑝𝑣 𝑛𝑠 = 𝑝𝑣 β𝑇𝑃 = 𝑐 [53]. It is a crucial parameter which determines the path
functions such as work, and heat involved in a process.
Therefore, in this section the variation of 𝑛𝑠 with respect to the reaction progress is
discussed. The Fig. 2-10, shows that the value of pressure exponent 𝑛𝑠 is 1.32 at the entry of the
combustor and it gradually reduces to 1.245 by the end of combustion. It is because, the β 𝑇 which
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is constant for ideal gases is increasing as the combustion progresses and it results in a reduction
of 𝑛𝑠 . In general, for hand calculations, it is very common to assume the process index to be
constant, but in sCO2 applications this assumption may result in huge errors because the change
of 𝑛𝑠 is upto seven percent between the unburnt and fully-burnt mixture.
The isothermal compressibility β 𝑇 is the reciprocal of bulk modulus (𝐾) of the combustion
mixture. At first the β 𝑇 in the combustion mixture is less than its ideal gas value because the
existing repulsive forces between the molecules resists the bulk compression. Secondly, it
increases with respect to the RPV because the repulsive forces decrease as seen in Fig. 2-7 and
hence the combustion mixture becomes relatively more compressible but still resistive to bulk
compression compared to the ideal gas assumption. Therefore, the Isothermal compressibility will
be overestimated up to seven percent when real gas assumption is not used.

Figure 2- 10: Pressure exponent and isothermal compressibility variation with ideal and real gas
assumptions for sCO2 mixture.
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2.7 Speed of Sound
The speed of sound determines how fast a disturbance travels in a flow or in other words
how fast information of an obstacle spreads in the flow. After a certain ratio of the flow speed and
sound speed, the molecules will tend to compression or rarefaction and result in significant density
changes in the flow. Therefore, an attempt is made in this section to estimate the speed of sound
in the sCO2 combustor by real gas and ideal gas assumptions. As shown in Table 2-3, the speed of
sound is a function of 𝑛𝑠 , 𝑍 and 𝑇. Therefore 𝑛𝑠 and 𝑍 determines the speed of sound in the sCO2
combustor. From the previous discussions, the values of these three parameters are larger when
calculated with the ideal gas assumption. Therefore, the speed of sound must be higher.
Figure 2-11 shows the comparison of sound speed between the real gas assumption and
ideal gas assumption. The repulsive forces can change the speed of sound up to five percent in
sCO2 combustor conditions.
Also, the existing relation between speed of sound and density fluctuations in a flow has
been modified for real gases.
The law of conservation of momentum is given as,
𝜌𝑉 𝑑𝑉 = −𝑑𝑃

(2- 9)

For Isentropic flow of real gases,
𝑑𝑃
𝑃

= 𝑛𝑠

𝑑𝜌

(2- 10)

𝜌

Substituting P= 𝜌𝑍𝑅𝑇 in Eq. 2-10,
Therefore, 𝑑𝑃 = 𝑛𝑠 𝑍𝑅𝑇 ∗ 𝑑𝜌

(2- 11)

From Table 2-3, 𝑎2 = 𝑛𝑠 𝑍𝑅𝑇 ⇒ 𝑑𝑃 = 𝑎2 ∗ 𝑑𝜌
Therefore, from Eq. 2-9
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⇒ 𝜌𝑉 𝑑𝑉 = 𝑎2 ∗ 𝑑𝜌

−𝑉 2 𝑑𝑉
𝑎2

𝑉

=

𝑑𝜌

(2- 12)

𝜌

The term 𝑎2 in Eq. 2-12 is higher for a sCO2 combustor than the ideal gas value (𝑎2 = 𝛾𝑅𝑇 in
ideal gas assumption).

Figure 2- 11: Speed of sound variation with ideal and real gas assumptions for sCO2 combustion
mixture

2.8 Viscosity
Modelling of viscosity is an important aspect in the simulation of any fluid flow where the
shear stresses are prominent. Though the viscosity of the sCO2 has huge variation near to critical
point, in the operating regime of sCO2-combustor, as the temperature increases, the viscosity
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follows the linear trend like ideal gas and the viscosity of sCO2 is higher compared to viscosity of
CO2 at atmospheric pressures. This section gives an overall view of various viscous models which
are being used in current supercritical mixture viscosity formulations and the best fits for 1D and
CFD combustion modelling.
Figure 2-12 shows the flow chart of various methodologies which are being used currently
to calculate viscosity in supercritical CFD simulations. There are basically two approaches, shown
as two wings of the Fig. 2-12, to estimate the viscosity of supercritical mixture. One is to calculate
the individual species viscosity at required pressure and temperature and use mixing rule to
calculate the resultant mixture viscosity [19]. It is represented in left wing of Fig. 2-12. To calculate
the individual species viscosity in the mixture, there are the Lucas method [54] which needs the
temperature and pressure as input variable; Chung method [55] which needs the temperature and
density as inputs. Out of these two methods, one can use either the Lucas method [54] or the Chung
method [55] method for the viscosity calculation of the species involved in the sCO2 combustion
mixture and then use these species viscosities in the mixing rules to find the mixture viscosity.
Though, the Wilkes mixing method defined for calculating the viscosity of low pressure mixtures,
it has been used for the supercritical simulations because, it is a subset of Wassiljewa–Mason–
Saxena (WMS) method [19]. The WSM is a thermal conductivity modeling method. Both the
Wilkes method and WMS method are having a common variable and using both together provides
consistency. Another wing of Fig. 2-12 shows the one fluid approach. In this approach the mixture
is assumed as one fluid and all the critical properties of the species are combined to find the
effective critical properties and the viscosity is calculated based on these effective critical
properties of the fluid. Chung and Lucas methods are two popular one fluid mixture viscosity
methods for supercritical applications [56].
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Figure 2- 12: Standard practices for viscosity modeling in supercritical combustion simulations

A systematic investigation is presented in the further sections to estimate the suitable
viscosity model for sCO2 applications. Initially, the viscosities of prominent species are compared
between Chung, Lucas and NIST methods. Further, the mixture viscosity methods are compared
at various progress variables of the combustion. Since, there is no reference mixture viscosity to
compare the models, the suitable mixture models for sCO2 combustion are judged based on the
computational time, complexity and performance of the mixture models when applied to individual
species. In Fig. 2-13 the viscosities of CO2, H2O, CH4, O2 and CO at 300 bar pressure are
compared. Here, the viscosities of CO2, H2O and O2 are shown between the temperature limits 600
-1600 K and for CH4 and CO the temperature is shown only till 600 K and 500 K respectively. It
is because, the NIST data for these species is available only till those temperatures.
Figure 2-13 shows the prominent species viscosity modelled with Lucas and Chung
methods and the comparison of those models with NIST. The CO2 viscosity plot has additional
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viscosity model called Heidaryan et al., [57]. This model is validated between the pressures 75 bar
and 1014 bar and between the temperatures 310 to 900 K. It is a simple empirical correlation which
only needs pressure and temperature as an input. The plots show that, for CO2 and O2, the Chung
et al., model is closer to NIST than the Lucas et al. model. The Heidaryan et al. is closer to NIST
till 900 K and deviates later. However, for H2O, the Lucas et al., model is closer to NIST. Further,
within the available NIST data limits, Lucas et al., is closer to NIST for CH4 and Chung et al., is
closer to NIST for CO.

Figure 2- 13: The comparison of modelled individual species viscosity with NIST
Therefore, Fig 2-13 shows that, a best suitable individual species viscosity model vary from
species to species. To identify more suitable species viscosity model for sCO2 combustion
applications, the typical weightage of these species distribution is considered and deviation from
NIST is calculated based on this weighted deviation. Table 2-4 shows the comparison of these
models and their weighted deviation from NIST. The distribution of these species is estimated by
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using CMC method as discussed earlier. The average of weighted deviation of Lucas et al. is 0.66
percent, whereas for Chung et al. it is 4.56 percent. It shows that, the Lucas et al. method is more
suitable for sCO2 applications to calculate individual species viscosity.
Table 2- 4: Weighted deviation of modeled viscosities with NIST
Weighted deviation based on typical sCO2 mixture
constituents at 1250 K
Species
(CO2-90%, H2O-1.8%, CH4-3.7%, O2-4.2%, CO-0.003%)
Chung et al.

Lucas et al.

CO2

1.44

1.82

H2O

0.69

0.21

CH4

-

-

O2

0.10

0.15

CO

-

-

Average

0.74

0.72

As discussed earlier, the Wilkes method is a low-pressure mixture viscosity method.
However, it is also used in supercritical CFD simulations [19] to calculate the mixture viscosity.
More complete information about these models can be obtained from the references provided [56].
There is a simpler model suggested by Brokaw [58] for non-polar gaseous mixture where the inputs
are just the gas composition, viscosities and the molecular weights of the constituents. It is a
derivative of molecular based Chapman-Enskog theory. This method claims its applicability for
high-pressures beyond the critical point where there is no large concentration of free radicals. Also,
the largest error reported with this mixing rule is less than 4%. Since the major content (more than
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90%) of the sCO2 combustion mixture has non-polar molecules like CO2, CH4 and O2, and the
expectable radical concentration is comparatively less due to high specific heat of CO 2, this
particular model [58] would be an accurate alternative fit for sCO2 combustion applications, but
needs more investigation because the combustion products contain H2O which is a polar molecule.
The formulations for the Brokaw mixing method are given as follows.

𝜇𝑚𝑖𝑥 = ∑𝑘𝑖=1

𝑥𝑖 √ 𝜇 𝑖
𝑆𝑖𝑗 𝐴𝑖𝑗
𝑥𝑖
𝑘
+∑𝑗=1 𝑎𝑛𝑑 𝑗≠𝑖
𝑥𝑗
𝜇
√ 𝑖
√ 𝜇𝑗

(2- 13)

Where,
𝑆𝑖𝑗 = 1 for non − polar gases, 𝑀𝑖 and 𝑀𝑗 𝑎𝑟𝑒 molecular weights of the species 𝑖 and 𝑗,
𝑥𝑖 and 𝑥𝑗 are the molefractions of the species 𝑖 and 𝑗,
𝜇𝑖 is the viscosity of the species 𝑖,

𝑀𝑗 0.5

𝐴𝑖𝑗 = 𝑚𝑖𝑗 ( 𝑀 )

𝑀𝑖 𝑀𝑖 0.45
−
𝑀𝑗 𝑀𝑗

1+

𝑖

[

0.45
𝑀
1+( 𝑖 )
𝑀𝑗

𝑀
2(1+ 𝑖 )+
𝑀𝑗

1+𝑚𝑖𝑗

(2- 14)
𝑚𝑖𝑗

]

2 1/4

𝑚𝑖𝑗 = [4𝑀𝑖 𝑀𝑗 ⁄(𝑀𝑖 + 𝑀𝑗 ) ]

(2- 15)

In the current section the mixture viscosity models are analyzed. As discussed, the Chung
et al., and Lucas et al., are two prominent mixture viscosity methods which are currently being
used in supercritical combustion literature. One basic difference between these two mixture models
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is the method of calculating the combined critical properties. The detailed formulations of these
models can be found in [56]. Unlike the Lucas et al., model, the Chung et al., model considers the
interaction of one species with another species while calculating the combined critical properties.
Therefore, in Chung et al., method, if we have ‘k’ number of species in combustion mechanism,
there will be k by k matrix for calculating each combined thermal property of the system. Hence,
computationally the Chung et al., is expensive. Also, the Chung et al., method needs the binary
interaction parameter called ‘kij’. As discussed in equation of state section, the binary interaction
parameter describes whether an interaction between two species is ideal or non-ideal. This
parameter is empirical and there are many models as described earlier which calculates this
parameter. However, these models are not evaluated with experiments for all the species involved
in combustion. In the current section the Chung et al., mixture viscosity method is evaluated by
considering both kij as one and by choosing appropriate values for it.
Figure 2-14 compares the viscosity of sCO2 combustion mixture calculated by using
various mixture models at three different temperatures such as 1000, 1250 and 1500 K. These three
temperatures are corresponding to unburnt, half-burnt and fully burnt conditions of the sCO2
mixture. Again, the species distribution is solved by using PCMC code at dissipation rate one.
Figure 2-14 also shows the viscosity calculated with Wilkes model and weighted average. These
two models require the individual species viscosities and they are calculated using Lucas method
of individual species viscosity. At all the temperatures, the Lucas et al., has the highest calculated
mixture viscosity and the Chung et al. has the lowest. The Chung et al., when kij is one predicts
little higher viscosity than the Chung et. al. At 1000 K, a ten percent deviation line is drawn below
the highest viscosity model, i.e., the Lucas et al., to estimate the deviation of other models. This
deviation shows that all the models used here are predicting the mixture viscosity within ten
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percent of deviation. Here, it must be noted that there is no reference data to compare these models
to predict the best suitable viscosity mixture model. However, in the previous sections it is seen
that the Lucas et al. is predicting the species viscosity more accurately than other models.
Therefore, though there is no standard reference to identify the superiority of one model with other,
the Lucas et al., model can be considered as accurate due to its performance in calculating
individual species viscosity. The dynamic viscosity may not be influencing parameter in pure
turbulent regime, however when it comes to CFD the viscosity term in diffusing term is important.
Also, the viscosity is more important in simulating the internal flows, viscous sublayer, Prandtl
and Schmidt numbers.

Figure 2- 14: Viscosity of sCO2 combustion mixture using various models
Figure 2-15 compares the computational time involved in calculating viscosity by these
models. These models are simulated in MATLAB and the time is multiplied with a factor of ten
thousand. It is to show the computational time if there are ten thousand cells in computational
domain. The plot shows that; Lucas et al. is least expensive in terms of computation and Chung et
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al. is more expensive. It is because the Chung et al. model accounts the interaction of species and
it adds many two-dimensional matrices in the computation. The Chung et al. is much more
expensive for LES, DNS and detailed kinetic simulations. The Wilkes mixing rule and weighted
averaging is more expensive to Lucas et al. because they need the input of individual species
viscosities. Therefore, Lucas et al. is recommended for sCO2 simulations due its less computational
time and performance in calculating the individual species viscosity.

Figure 2- 15: Comparison of computational time for various viscosity mixture rules
2.9 Thermal conductivity

Thermal conductivity is the capacity of a system to transfer the heat energy rate from it.
The thermal conductivity of the system increases as the pressure increases due to the increase in
the density. However, it is important to note that, as the temperature increases, at low pressure the
thermal conductivity tends to increase, but beyond the critical pressure and up to certain pressure
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limit the thermal conductivity reduces with temperature [56] and after this pressure limit the
thermal conductivity increases again with temperature.
The Fig. 2-16 shows the current standard practices for calculating thermal conductivities
in supercritical combustion simulations. The Chung et al. model for calculating thermal
conductivity is most widely used model. The Chung et al. high-pressure thermal conductivity
model needs the low-pressure mixture viscosity as an input to estimate the high-pressure thermal
conductivity. The first two columns in Fig. 2-16 illustrates the calculation of thermal conductivity
by Chug et al. high-pressure model. The first columns show that, the mixture viscosity at one
atmosphere is estimated by Wilkes methods and the input individual species viscosities for Wilkes
method are calculated either by low pressure Chung et al. and Lucas et al. methods. The second
column in the Fig.2-15 also shows the estimation of thermal conductivity by high-pressure Chung
et al. method. However, here the low-pressure mixture viscosity is estimated by one fluid
approach, i.e. either by Chung et al. method or Lucas et al. method. The third column shows,
proposed method, the estimation supercritical thermal conductivity by Stiel and Thodos method.
The Stiel and Thodos [56, 59] is a simple, generalized correlation for a high-pressure gas thermal
conductivity of a mixture. It says that the excess thermal conductivity (excess from low pressure
thermal conductivity) associated with a gas or mixture is a function of its critical properties, density
and molecular weight. This correlation has been validated against 20 data sets of non-polar gases
including CO2. This formulation is used for calculating the thermal conductivity of species
involved in supercritical mixing studies [19]. One input to this Stiel and Thodos model is the lowpressure thermal conductivity of the mixture. The low-pressure thermal conductivity of the mixture
can be estimated by the Wassiljewa model (as shown in Eq. 2-16). Also, this method is used by
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[19] for supercritical multi-component mixing simulation due to it simple formulation, though this
model doesn’t take any supercritical condition into account.

𝜆𝑚𝑖𝑥 = ∑𝑘𝑖=1 ∑𝑘

𝑥𝑖 𝜆𝑖

(2- 16)

𝑗=1 𝑎𝑛𝑑 𝑗≠𝑖 𝑥𝑗 𝐵𝑖𝑗

Where,
𝑥𝑖 and 𝑥𝑗 are the molefractions of the species 𝑖 and 𝑗,
𝜆𝑖 is the thermal conductivity of the species 𝑖,
Here, the term 𝐵𝑖𝑗 is suggested by Mason and Saxena as,

𝜆
(1+( 𝑡𝑟𝑖 )
𝜆𝑡𝑟𝑗
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𝜆

𝜇

𝑀

Here, the term (𝜆𝑡𝑟𝑖 ) = (𝜇 𝑖 ) ( 𝑀𝑗 ) ;
𝑡𝑟𝑗

𝑗

𝑖

The bracketed term in 𝐵𝑖𝑗 , also appear in Wilke method for mixture viscosity correlation.
The 𝜀 value is suggested as 1.065, later its value is modified by Tandon and Saxena as 0.85 [56].
It must be noted that, the Masi, Bellan, Harstad and Okong’o [19] used Wassiljeva method
for calculating the high-pressure thermal conductivity, though it is defined for low-pressure
thermal conductivities and the required individual species viscosities for this model are calculated
by high-pressure Lucas et al. model. However, in the proposed approach, the individual species
viscosities are estimated by low-pressure Lucas et al., model over a wide range of temperatures at
one atmosphere pressure and tabulated. Later, the tabulated data is called into the Wassiljeva
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thermal conductivity model to estimate the low-pressure mixture thermal conductivity of the
required mixture. Further, Stiel and Thodos method is used for calculating the supercritical mixture
thermal conductivity.

Figure 2- 16: Standard practices for thermal conductivity modeling in supercritical combustion
applications
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There is no reference mixture thermal conductivity data to identify superiority of Stiel and
Thodos method over Chung et al., method. However, when these models are used to identify
individual species viscosities, the Stiel and Thodos method is showing a better accurate match with
NIST data. Figure 2-17 shows the comparison of individual species viscosities between Chung et
al., Stiel and Thodos and NIST. The Amooey et al., is an emperical thermal conductivity model
for CO2 [60]. Therefore, the Amooey et al. model is also shown in CO2 thermal conductivity plot
of Fig. 2-16. It shows that, the Amooey et al. is accurate only till 900 K and deviates largely after
that. The Stiel and Thodos method is predicting the CO2 and O2 thermal conductivity very
accurately. For H2O, it is better accurate than the Chung et al. However, the CH4 and CO are well
predicted with Chung et al., then Stiel and Thodos.
Table 2-5 shows the weighted deviation of the thermal conductivities calculated by models
with NIST at 1250 K. The weighted average deviation for Stiel and Thodos is 0.91 percent,
whereas for Chung et al. it is 9.15 percent. It shows that Stiel and Thodos thermal conductivity
model is better accurate for sCO2 combustion simulations.

Figure 2- 17: The comparison of modelled individual species thermal conductivities
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Figure 2-18 shows the comparison of mixture thermal conductivity calculated by Chung et
al., and Stiel and Thodos methods. Here, it must be noted that, the Chung et al. thermal
conductivity model used here is corresponding to the second column of the Fig. 2-15.
Table 2- 5: Weighted deviation of modeled thermal conductivities with NIST
Weighted deviation based on typical sCO2 mixture
constituents at 1250 K
Species
(CO2-90%, H2O-1.8%, CH4-3.7%, O2-4.2%, CO-0.003%)
Chung et al.

Lucas et al.

CO2

12.69

1.72

H2O

0.70

0.26

CH4

-

-

O2

0.28

0.02

CO

-

-

Average

4.56

0.66

Both these methods show the increase in thermal conductivity with temperature. Also, the
Chung et al., predict the thermal conductivity more than the Stiel and Thodos method by fifteen
percent. The fifteen percent difference in thermal conductivity may affect the heat energy transfer
significantly. Besides the better performance of Stiel and Thodos for individual species thermal
conductivities, it is also proven to be computationally modest. Figure 2-18 shows the
computational time comparison between both these methods. The Stiel and Thodos method is
showing the less computational time because all the necessary individual species viscosities are
tabulated over a required temperature range.
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The thermal conductivity simulations are carried in MATLAB and the necessary species
distribution with respect to temperature is identified by PCMC code. Here, the computational times
are multiplied with ten thousand. The difference between both the approaches will be significant
for LES, DNS and simulations with a greater number of species in the chemistry.

Figure 2- 18: Comparison of modeled sCO2 mixture thermal conductivities

Figure 2- 19: The comparison of computational time between the modelled mixture thermal
conductivities
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2.10 Conclusions
In the current chapter the available relations for EOS’s and other thermal properties and
transport properties needed to model super critical CO2 combustion were reviewed, and
recommendations are provided.
1) The cubic EOS must be validated for each application due to their empirical nature.
The PRS EOS better predicts the thermal state of pure CO2 compared to SRK and RK.
However, over 1,000 K the PRS and SRK are indistinguishable and none of the cubic
EOS predict the O2 behavior. But, for sCO2 combustion mixtures, in all the turbulent
regimes, the SRK and PRS EOS predict the densities by 0.7 and 1.71% when compared
with NIST. Hence, both the EOS are equally suitable for sCO2 combustion simulations.
2) The projected sCO2 operating conditions for a supercritical regime where there always
exist the repulsive forces (which are quantified by compression factor 𝑍) between the
molecules and these repulsive forces decreases as the combustion reaction progresses
from unburnt to the fully burnt condition. The sCO2 combustors are expected to observe
a new kind of static pressure loss due to the reduction of 𝑍. This reduction is more when
there is more inlet CH4 and O2 mixture, and it can be reduced by decreasing the inlet
temperature or increasing the inlet CO2 moles. The fact that the compressibility factor
𝑍 is always greater than unity, signifies that the repulsive forces between the molecules
always exists and there exists an energy transfer from the working fluid to the system
boundaries.
3) Also, a new empirical model for 𝑍 is proposed for predicting its value at any stage of
reaction progress. This model has been validated with 𝑍 calculated with SRK EOS over
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a wide range of sCO2 combustor operating conditions. This model can be used with 1D
sCO2 combustion system simulations or in CFD.
4) Unlike the ideal gases, in real gases the pressure exponent 𝑛𝑠 differs from the ratio of
specific heats γ. The value of γ is about 1.2 for the inlet mixture and 1.164 for the fully
burnt products. The resistivity of the sCO2 mixture to change its temperature is higher
due to the existing intermolecular repulsive forces. In fact, all the specific thermal
properties are expected to be higher due to the decrease in density. For example, the
enthalpy increases by ~1% and entropy by 0.5%. The pressure exponent changes from
1.32 to 1.24 between the unburnt and fully burnt mixture. Further, the sCO2 combustion
mixture also becomes resistive to the compression by 6.5-9% when compared to the
ideal gas assumption.
5) The popular viscosity and thermal conductivity models are evaluated based on their
accuracy and computational cost. The results show that, the Lucas et al. mixture method
is more suitable for viscosity modeling and Stiel and Thodos method is suitable for
thermal conductivity modeling of sCO2 mixture.
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CHAPTER 3: CHEMICAL KINETIC MECHANISM FOR sCO2
COMBUSTION
3.1 Introduction
The chemical kinetic mechanism is a record of sequence of guessed elementary reaction
paths that could takes place as the reactants are converted into products. It is known that the
Arrhenius constants defined in the chemical mechanisms, i.e., pre-exponential factor, temperature
exponent and activation energy, are derived from fundamental experiments or detailed theoretical
based calculations [61, 62]. Under the absence of such studies (calculations or experiments), the
rate constants are typically estimated based on similarity with other known reactions [63].
Oftentimes, optimization of rate constants of the elementary reactions within the allowed
uncertainty may be needed to match the mechanism’s performance with a wide set of experiments
[64]. These constants are valid only within the operating conditions in which they are defined,
hence cannot be used outside the domain of validated conditions. Also, there is no assurance that
the mechanism validated under certain conditions is physically correct. Therefore, a good
mechanism must have physically correct rate constants along with validation with the experiments.
In fact, there are well testified chemical kinetic mechanisms for low pressure and low CO2
diluted conditions. But, the knowledge of reactions pathways and their rate constants at sCO2
combustor operating conditions are scanty. The current knowledge base of sCO2 combustion
kinetics can be seen in Fig. 3-1.
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Figure 3- 1: Current knowledge base of gas phase chemical kinetics (Source: [65])
Therefore, it is very important to develop a chemical kinetic mechanism for sCO2
applications. In the current work, a base mechanism which closely predicts the sCO2 combustion
behavior (including supercritical solvent effects) is identified in the initial sections of this chapter
and a skeletal mechanism is developed by eliminating unwanted reactions and species from that
base mechanism. Finally, rate constants determined [66-69] using quantum chemistry and
molecular dynamic approaches for sCO2 conditions are implemented in that mechanism to derive
a new sCO2 combustion mechanism. Finally, a comparison is made between the performance of
the base mechanism and the derived mechanism with the available sCO2 shock tube conditions.

3.2 The effect of equation of state and base mechanism
As discussed in the previous chapter, at supercritical pressures the ideal gas assumption is
no longer valid to predict the state of a system, because at these pressures the intermolecular forces
are significant, and they must be accounted while calculating the chemical, thermodynamic
properties and the state of the system. Therefore, choosing an appropriate EOS is very important.
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In the previous chapter various equation of states are compared for a constant pressure
system and in this chapter the EOSs are compared for a constant volume system. Also, the base
mechanism for sCO2 application is identified by comparing two prominent mechanism such as,
GRI 3.0 [29] and Aramco 2.0 mechanisms [70, 71] with experimental shock tube ignition delay
time data [72].
Comparing the chemical kinetic mechanism with IDTs of shock tube data is one standard
practice to validate a chemical kinetic mechanism. However, an unanswered question in the
literature is “which EOS needs to be used to simulate the IDTs of supercritical combustion?”. In
the current section, the IDTs are calculated by van der Waals type of EOSs by using both the
Aramco 2.0 and GRI 3.0 mechanisms. Further, the calculated IDTs are compared to understand
the effect of EOS on IDTs. Figure 3-2 shows the absolute deviation of simulated IDTs with respect
to experiments [73]. Here, the constant volume reactor is simulated with CHEMKIN-RG by using
various real gas EOS. In Fig. 3-2, the left column of the plot consists of the IDTs calculated by the
Aramco 2.0 mechanism while the right plot is by the GRI 3.0 mechanism. The vertical axis of each
plot represents the absolute deviation of the simulated IDTs with respect to the experiments. It
should also be noted that, each subplot has five absolute deviation values (for five EOSs
considered) and also five mean values of those absolute deviations. Each row in this plot
corresponds to a particular molar ratio of fuel and oxidizer used in the shock tube experiments.
The subplots (1,1) and (1,2) in Fig. 3-2 corresponds to stoichiometric hydrogen mixture
(mixture-1, see also Table 3-3) diluted with CO2. Here, it must be noted that the Aramco 2.0 has
better performance then GRI 3.0. For the GRI 3.0 mechanism all simulation data points are clearly
beyond the uncertainty of experiments, which is reported to be 20% [72]. However, for the subplot
(1,1) some of the EOSs are within the uncertainty limits except SRK EOS. Also, from both
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subplots (1,1) and (1,2) it can be observed that, the estimation of each IDT is significantly different
from each other.
The subplots (2,1) and (2,2) in Fig. 3-2 represent a lean methane mixture (mixture-2, Table
3-3) diluted with CO2. Here, both the IDTs of Aramco 2.0 and GRI 3.0 are predicting the
experimental IDTs reasonably good. Also, the selection of EOS is not impacting the IDTs
significantly as in the case of H2 and O2 mixture (mixture-1). Further, the subplots (3,1) and (3,2)
in Fig. 3-2 represents the stoichiometric methane mixture (mixture-3) heavily diluted with CO2. It
can be seen that the GRI 3.0 is poorly predicting the IDTs (compared to Aramco 2.0) and all IDTs
predicted by the Aramco 2.0 mechanism are within the experimental uncertainties. Also,
interestingly the IDTs are not much impacted by the selection of EOS. The maximum difference
among the EOS is less than 10%, which is less than the experimental uncertainty.
The EOS has significant impact on mixture-1, but not on mixtures-2 and 3. The main
combustion product of mixture-1 is H2O and for mixture-2 and 3 it is both CO2 and H2O. The
critical pressure of H2O (~220 atm) is approximately three times higher than the CO2 (~74 atm).
Hence, the higher amount of H2O in the products of mixture-1 increases the resultant mixture
critical point. It is known that, the van der Waal’s type EOSs deviate among them largely near to
critical point because close to critical point the gradients are very high. However, in the case of
mixtures-2 and 3, the formation of CO2 further reduces the overall critical point. Hence, the EOSs
has smaller deviation.
Therefore, as far as the constant volume reactor IDTs are concerned (for mixture-2 and 3),
the equation of state does not have a notable effect, because the deviation of real gas IDTs are
within 20% from the IGA IDTs. Over all, in this section it is re-confirmed that the performance of
the Aramco 2.0 mechanism is better (compared to GRI 3.0) for estimating the supercritical CO2
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shock tube experiments. Therefore, in this work, reduced skeletal mechanism are derived from the
Aramco 2.0 mechanism and then the sCO2 reaction rate constants are substituted.

Figure 3- 2: Comparison of sCO2 shock tube ignition delay times [73] with the Aramco 2.0 and
GRI 3.0 by various EOSs
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3.3 The skeletal mechanism
As discussed in the introductory section, the usage of detailed mechanisms in CFD
simulations is not practical due to associated expensive computational power. Therefore, a reduced
skeletal mechanism is of much interest to the combustion CFD community. An automated
computer program called CHEM-RC from the work of [74, 75] is used in order to eliminate
unimportant species. This computer model uses the Multi-Generation Path Flux Analysis (PFA)
method to identify the important species to the targeted species. The PFA method is an extension
of Direct Relation Graph (DRG) method and Direct Relation Graph with Error Propagation
(DRGEP) methods [76] and proven to capture better flux . The previous section confirms that
Aramco 2.0 mechanism is better suitable for sCO2 simulations compared to GRI 3.0. Therefore,
the Aramco 2.0 mechanism is used as a source for further reduction process. The full Aramco 2.0
mechanism consists of 493 species and 2714 reactions for fuels up to C6. A total of five reduced
mechanisms are generated from this detailed mechanism by using CHEM-RC by varying the
threshold values (a parameter used in PFA to choose the reaction paths). The higher the threshold
value the smaller will be the reduced mechanism. The detailed information on the threshold value
can be found in [74]. Also, various mixtures from lean to rich and moderate to highly CO2 diluted
conditions have been given to CHEM-RC as inputs (conditions shown in Table 3-1). The smaller
the number of species, the lower will be the computational time for CFD simulations. Therefore,
initially the reduction process started with a 15-species mechanism and the threshold values in
CHEM-RC were reduced gradually to obtain all the necessary species which are needed to validate
the targeted mixture conditions.
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Here, the performance of a reduced mechanism is compared with respect to the detailed
Aramco 2.0. In the current work, the performance of the seven reduced mechanisms, namely, 15species, 16-species, 19-species, 21-species, two 22-species and 23-species is discussed.
The species in these mechanisms are tabulated in Table 3-2. Here, it should be noted that,
the two 22 species mechanisms as mentioned in the table are derived from the 23-species
mechanism by removing C2H3 and CH3OH respectively. Basically, this test has been performed to
understand the importance of these species in estimating the IDTs at lean conditions.
Figure 3-3 shows the comparison of IDT estimation of reduced mechanisms against those
of the detailed mechanism for mixture-3 (stoichiometric mixture). It should be mentioned that the
IDTs are estimated based on IGA EOS. Here, IGA EOS is used because, as discussed in the
previous section, significant effect of real gas EOSs is not observed for mixture-2 and 3. It should
be noted that the vertical axis is shown in logarithmic scale because the IDTs of the 15-species
mechanism are deviating largely from the detailed mechanism predictions. Every other mechanism
is performing very close to the detailed mechanism. The 16-species and 15-species mechanisms
differ only by the species hydrogen peroxide (H2O2) and its associated reactions. Interestingly, this
one species has changed the prediction of IDTs by as much as 50 times. The main reason is that
for auto ignition of hydrocarbon and oxygenated fuels, the hydrogen atom (H) abstraction by
hydroperoxyl radical HO2 (forming H2O2) is an important reaction class in the autoignition of
fuels, particularly at low-to-intermediate temperatures in the range 600-1300 K [77]. The role
of the hydroperoxide radical, HO2, in high-pressure ignition phenomena is well established as is
the role of hydrogen peroxide decomposition [78].

57

A rate of production (ROP) and sensitivity analysis at stoichiometric, low temperature
conditions is shown in Fig. 3-4. It illustrates that the reaction R1 is the second prominent reaction
for CH4 consumption:
CH4+HO2 CH3+H2O2

R- 1

Figure 3-5 shows that, the H2O2 is formed in the constant volume reactor even before autoignition starts and it is due to R1. Therefore, the omission of H2O2 in the 15-species mechanism
has significantly delayed the interaction of CH4 and HO2 and delayed the methane consumption
and formation of CH3, hence the IDTs are delayed. Also, it must be noted that the accumulated
H2O2 reacts with “+M” to produce two OH radicals and it is responsible for the bulk of heat release
at high-pressure and high-temperatures. The detailed description of this phenomenon can be
obtained in [78].
H2O2(+M) OH+OH (+M)

R- 2

Therefore, the 16-species as shown in Table 3-2 are the minimum required in a reduced
mechanism to estimate the IDTs of a highly CO2 diluted, stoichiometric methane mixture. Also,
there could be possibilities of reducing the species number further by other mechanism reduction
methods than PFA (e.g., [79, 80]). But, it must be remembered that the PFA method in this analysis
is considered to capture the maximum path flux during the reduction process. Hence, other
methods are not explored.
Further, the 15-species mechanism is not considered during IDTs comparison of lean
mixture (mixture-2) and hydrogen mixture (mixture-1).
Figure 3-6 compares the lean mixture (mixture-2) IDTs estimated by 16, 19, 21, two 22species and 23-species mechanism with those of the detailed mechanism. It is interesting to note
that none of the reduced mechanisms below or equal to 21 species are able to predict the lean
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mixture IDTs. The 16 and 19-species mechanisms estimate almost similar IDTs. Further, the
addition of two more species C2H5 and CH2OH species to 19-species mechanism has slightly
delayed the IDTs. However, this 21-species mechanism is still far from the detailed mechanism
predictions and shows faster ignition. At the same time, the 23-species mechanism is predicting
the IDTs of mixture-2 almost same as the detailed Aramco 2.0 mechanism. The two additional
species in the 23-species mechanism compared to 21-species mechanism are CH3OH and C2H3.
These two species significantly delayed auto-ignition under lean conditions and matches the 23species mechanism prediction with the detailed Aramco 2.0 (when compared to the predictions
from the 21-species mechanism).
Table 3- 1:The parameters chosen used in CHEM-RC to reduce the mechanism
CHEM-RC
parameters
Mixture
conditions

Threshold values

Value chosen
CH4/O2/CO2
1.
2.
3.
4.
5.
6.

1/2/35 (stoichiometric- high CO2 dilution)
1/2/16.5 (stoichiometric- low CO2 dilution)
1/2.5/40 (lean- high CO2 dilution)
1/2.5/20 (lean- low CO2 dilution)
1/0.84/20 (rich-high CO2 dilution)
1/0.84/10 (rich-low CO2 dilution)
0.50 to 0.95

Initial
temperature

800 K to 1500 K

Pressure

250 atm. to 350 atm.
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Table 3- 2: The list of species in the reduced mechanisms

Species
. No

23 species

22 species
(with
CH3OH)

22 species
(with
C2H3)

21 species

19 species

16 species

15 species

1

H2

H2

H2

H2

H2

-

-

2

H

H

H

H

H

H

H

3

O2

O2

O2

O2

O2

O2

O2

4

O

O

O

O

O

O

O

5

H2O

H2O

H2O

H2O

H2O

H2O

H2O

6

OH

OH

OH

OH

OH

OH

OH

7

H2O2

H2O2

H2O2

H2O2

H2O2

H2O2

-

8

HO2

HO2

HO2

HO2

HO2

HO2

HO2

9

CO

CO

CO

CO

CO

CO

CO

10

CO2

CO2

CO2

CO2

CO2

CO2

CO2

11

CH4

CH4

CH4

CH4

CH4

CH4

CH4

12

CH3

CH3

CH3

CH3

CH3

CH3

CH3

13

CH3O
2H

CH3O2
H

CH3O
2H

CH3O
2H

CH3O
2H

CH3O
2H

CH3O
2H

14

CH3O
2

CH3O2

CH3O
2

CH3O
2

CH3O
2

CH3O
2

CH3O
2

15

CH3O
H

CH3OH

-

-

-

-

-

16

CH3O

CH3O

CH3O

CH3O

CH3O

CH3O

CH3O

17

CH2O
H

CH2OH

CH2O
H

CH2O
H

-

-

-

18

CH2O

CH2O

CH2O

CH2O

CH2O

CH2O

CH2O

19

HCO

HCO

HCO

HCO

HCO

HCO

HCO

20

C2H6

C2H6

C2H6

C2H6

C2H6

-

-

21

C2H5

C2H5

C2H5

C2H5

-

-

-

22

C2H4

C2H4

C2H4

C2H4

C2H4

-

-

23

C2H3

-

C2H3

-

-

-

-
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Figure 3- 3: Comparison of IDTs (stoichiometric mixture) of the detailed Aramco 2.0 and
reduced species mechanisms

Figure 3- 4: The absolute rate of production of CH4 and sensitivity of CH4 and H2O2 at
Tinl=1100 K, Pinl=285.5 atm
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Figure 3- 5: Production of OH and H2O2 during stoichiometric constant volume combustion for
mixture-2 at Tinl=1100 K, Pinl=285.5 atm.
It is interesting to understand how these two species (CH3OH and C2H3) are causing
mixtures to ignite later. Therefore, each species is removed from the 23-species one at a time to
make two new mechanisms (2-species as listed in Table 3-2). The IDTs predicted by these two 22species mechanisms are also shown in Fig. 3-6. It can be observed that, the contribution of C2H3
in delaying the ignition is much more than the CH3OH. But, as it can be observed from Fig. 3-6,
the 22-species mechanism with C2H3 alone is not sufficient to predict IDTs within the 20%
uncertainty. Therefore, it can be concluded that these two species are very important for lean sCO2
mixtures.
Figure 3-7 compares IDTs of the stoichiometric H2 mixtures with those of the detailed
Aramco 2.0 predictions. The 19-species mechanism can capture IDTs on par with the detailed one.
Thus the 19-species mechanism is sufficient for the H2 mixtures selected in the current study.
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From this analysis, it can be concluded that, minimum 16 species are required for
predicting the stoichiometric CH4 and high CO2 diluted mixtures. Further, 19 species are required
for supercritical H2 mixtures and 23 species are required for lean CH4 mixtures with high CO2
dilution. The 23-species mechanism has better IDT prediction capabilities compared to all other
reduced mechanisms discussed in this work. The average deviation of the IDTs calculated by 23species mechanism with respect to those of the Aramco 2.0 mechanism is less than one percent.

Figure 3- 6: Comparison of lean mixture IDTs of the detailed Aramco 2.0 and reduced species
mechanisms
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Figure 3- 7: Comparison of stoichiometric H2/O2/CO2 mixture IDTs of the detailed Aramco 2.0
and reduced species mechanisms

3.4 Comparison of skeletal and detailed mechanisms with Perfectly stirred reactor
From the previous analysis the 23-species mechanism is identified as the appropriate
reduced mechanism for sCO2 combustion simulations. In this section, the performance of the 23species mechanism is compared with the detailed Aramco 2.0 mechanism while simulating a
perfectly-stirred-reactor (PSR). The PSR simulation is a zero-dimensional simulation which is
used as a tool for gas-turbine combustor development since the 1950s. The primary zone of the
combustor can be simulated with the PSR [81]. In this section, various possible CO2 dilution levels
and methane-oxygen equivalence ratios in the primary zone are simulated by using a PSR model
in CHEMKIN-II. The SRK EOS [82] is considered in the simulation by using CHEMKIN-RG.
The inlet temperature of the reactor is 1000 K, pressure is 300 atm.
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Figures 3-8 and 9 show a comparison of the detailed and 23-species mechanisms when
they are applied to a PSR. The horizontal axis of the Fig. 3-8 represents the residence time in the
PSR and the vertical axis represents the exit temperature of the PSR. Here, stoichiometric CH4 and
O2 at 1000 K are diluted by 60 to 90 percent CO2 by mass. The results show that, at all dilution
levels, the predictions by both detailed and reduced mechanisms yield the same PSR exit
temperature (the average deviation between the reduced and the detailed mechanisms are less than
0.5 percent).

Figure 3- 8: PSR exit temperature comparison of detailed Aramco 2.0 mechanism with the 23species one at stoichiometric CH4/O2 ratio and at various CO2 dilution levels.
Figure 3-9 shows the PSR simulation comparison at various equivalence ratios (ϕ). Here, at each
equivalence ratio the percentage of CO2 dilution is kept constant at 90 percent and the residence
time as one millisecond. The results show that, the accuracy of 23-species mechanism is a little
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less in lean conditions compared to stoichiometric and rich conditions. However, the maximum
deviation is observed at ϕ=0.8 and is 2.1 percent which is not considered as significant.

Figure 3- 9: Comparison of detailed Aramco 2.0 mechanism with the reduced 23-species
mechanism at various equivalence ratios of CH4/O2 at ninety percent CO2 dilution level at one
millisecond residence time

3.5 Comparison of skeletal and detailed mechanisms for turbulence chemistry interaction
Figure 3-10 shows the comparison of the PCMC (discussed in Chapter 2) solution with
both detailed and reduced Aramco 2.0 mechanisms. The horizontal axis of each subplot in Fig. 310 corresponds to the Reaction Progress Variable (RPV). The scale represents unburnt condition
when RPV is zero and fully burnt condition when RPV is one. The vertical axis of each subplot
represents mass fraction of a species. Here, the mass fractions of five species, CH4, CO, CH2O,
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C2H6 and OH has been shown with respect to the RPV. Each column in Fig. 3-10 corresponding a
species and each row correspond to a turbulent dissipation value. Here, three turbulent dissipation
values (N 1/s), 10000, 100 and 0.1 are presented. For larger N, for CH4, the PCMC solution is just
a straight line. It represents that, the reaction is following a single step pathway at higher N.
However, as N decreases, the CH4 profile is curved more implying that the CH4 disintegration
follows more complex reaction paths. Here, it must be noted that the CH4 disintegration is very
well predicted by the 23-species mechanism on par with the detailed mechanism. Also, the
intermediates and radicals, CO, CH2O, C2H6 and OH mass fraction are increasing as the N value
deceases. These variations are also predicted well by the 23-species mechanism. However, at small
values of N (N=0.1), the difference seems higher. It is because, the PFA method used in this
chapter does not account the pathways at various turbulent dissipation levels.
Figure 3-11 shows a comparison of the source term (Sc) between the detailed Aramco 2.0
mechanism and the reduced 23-species mechanism at various turbulent dissipation values. In the
PCMC, the source term represents the non-dimensional reaction energy release per second. At N
value 10000, the peak of the source term is towards the right side of the plot and it represents the
maximum rate of energy releases towards the end of the reaction. However, at lower N the peak
value moves towards the left. This trend is very well predicted by the 23-species mechanism
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Figure 3- 10: Comparison of detailed and reduced (23-species) Aramco 2.0 mechanisms at
various turbulent dissipation values

Figure 3- 11: The comparison source term (Sc) estimated by detailed and reduced (23-species)
Aramco 2.0 mechanisms at various turbulent dissipation values
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3.6 Comparison of skeletal and detailed mechanisms for ignition delay times
In this section, the 23-species and detailed Aramco 2.0 mechanisms are compared by using
IDTs in constant volume reactor. Here, four mixture conditions (In addition to Mixture-1,2 and 3)
are considered for comparison and each mixture has five initial temperature conditions varying
from 1000 K to 1500 K. The temperature range chosen here corresponds to the approximate inlet
and outlet temperatures of the sCO2 combustion chamber. Also, these mixture conditions consist
of two stoichiometric ratios, one lean and rich equivalence ratios.
The IDTs are shown in Fig. 3-12, which shows that, both the detailed Aramco 2.0 and 23species mechanisms are predicting approximately the same IDTs. The maximum difference
observed between both the predictions is less than 2%.

Table 3- 3: Mixtures considered for comparing IDTs in constant volume combustion chamber
Initial Mixture

Mole ratios of
fuel/O2/CO2

Mixture 1-H2/O2/CO2

10/5/85

Mixture 2- CH4/O2/CO2

3.91/9.92/86.17

Mixture 3- CH4/O2/CO2

7.5/15/77.5

Mixture 4- CH4/O2/CO2

1/2/26.7

Mixture 5- CH4/O2/CO2

1/2/9

Mixture 6- CH4/O2/CO2

1/4/15

Mixture 7- CH4/O2/CO2

1/1.33/9
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Figure 3- 12: Comparison of the Aramco 2.0 and 23-species mechanisms in terms of ignition
delay times estimation in a constant volume combustion chamber

3.7 Performance of new sCO2 mechanism
As discussed in introduction of this chapter, a mechanism must have validated with respect
to experiments and the reaction rates must be physical. Hence, the rate constants of reactions
determined specifically for sCO2 combustion application is substituted in Aramco 2.0 mechanism
and called as UCF 1.1 mechanism. The new reaction rates are mentioned in Table 3-4. Also, the
performance of the mechanism is shown in Fig. 3-13 and 14. Here, the figures illustrates that the
performance of this mechanism is better than the Aramco 2.0 mechanism under the conditions
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compared. Further, this mechanism is validated on other unpublished sCO2 shock tube data which
is not shown in this dissertation.
Table 3- 4: Updated reaction rate constants for new sCO2 mechanism
Reaction

Source of update

1

CO+OH<=>CO2+H

0.9 times of [83]

2

CO+OH=>HOCO

0.9 times of [83]

3

HOCO=>CO+OH

0.9 times of [83]

4

HOCO<=>CO2+H

0.9 times of [83]

5

H+CO=>HCO

[83]

6

HCO=>H+CO

[83]

7

CH3+HO2<=>CH3O+OH

[84]

8

CH3+HO2=>CH3O2H

[84]

9

CH3O2H=>CH3+HO2

[84]

10

CH3+CH3 <=> C2H6

UCF estimate

11

CH3+O2<=>CH2O+OH

Aramco 2.0 * 3.0

12

CH4+HO2<=>CH3+H2O2

Aramco 2.0 * 3.0
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Figure 3- 13: Comparison of lean (mixture-2) sCO2 shock tube ignition delay times [85] with
Aramco 2.0 and UCF 1.1 species mechanism
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Figure 3- 14: Comparison of stoichiometric sCO2 shock tube ignition delay times [85] with
Aramco 2.0 and UCF 1.1 species mechanism
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3.8 Conclusions
In the current chapter, a comparison is made between the Aramco 2.0 and GRI 3.0
mechanism by using various van der Waal’s type of equations to predict the ignition delay times
of a shock tube. From this analysis, the Aramco 2.0 mechanism is confirmed to be a better accurate
mechanism available for sCO2 combustion applications.

After that, a 23-species reduced

mechanism has been developed from Aramco 2.0 mechanism by using the path-flux-analysis
method (PFA) by employing the CHEM-RC tool. Finally, Aramco 2.0 mechanism is updated with
the reaction rates specifically determined for sCO2 conditions and shown the improvement in
ignition delay time predictions.
1) The equation of state is found to have no impact on estimating ignition delay times of
supercritical CH4/O2/CO2 mixtures unlike supercritical H2/O2/CO2 mixture considered in
this work. It may be because, in H2/O2/CO2 mixture, the main product of combustion, i.e.,
H2O is shifting the critical point of the mixture towards the testing pressure.
2) The CH4+HO2CH3+H2O2 is very crucial in the prediction of auto ignition under sCO2
conditions, because methane decomposes into CH3 and H2O2 by this reaction even before
the actual ignition starts.
3) The species C2H3 and CH3OH and their associated reactions are very important in
predicting the lean auto ignition.
4) The 16-species mechanism identified in this work is sufficient to recognize the ignition
delay times of the stoichiometric conditions. However, for identifying lean conditions at
least a 23-species mechanism is required. Also, the 19-species mechanism is needed in
predicting the ignition delay times of stoichiometric sCO2 hydrogen mixtures.
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5) The 23-species mechanism presented in this work is performing on par with the detailed
Aramco 2.0 mechanism in-terms of ignition delay times, perfectly stirred reactor estimation
under various CO2 dilutions and equivalence ratios, and prediction of turbulence chemistry
interactions.
6) Further, the mechanism is updated with the reaction rate constants of some sensitive
reactions. These reaction rate constants are specifically calculated for sCO2 combustion by
using detailed molecular level simulations.
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CHAPTER 4: REACTANT MIXING STRATEGIES IN sCO2
COMBUSTION CHAMBER
4.1 Introduction
As discussed in the introduction of this thesis, the main objective of this thesis is to
understand fundamental characteristics of sCO2 combustion in the combustion chamber. However,
at this stage, the reactant mixing strategies of the sCO2 combustion chamber such as proportions
of reactants mixing in the primary zone, secondary zone and their thermodynamic states are
unknown. Therefore, it is very important to understand these strategies of the combustion chamber
before analyzing the fundamental characteristics of sCO2 combustion.
The traditional natural gas turbine combustor uses air as the oxidizer, whereas the sCO2
combustor uses pure oxygen as the oxidizer [10] and fuel and oxidizer burns in the presence of
sCO2. Here, the presence of sCO2 at 300 atm shows a different dilution effect on combustion
phenomenon than N2 due to significant differences in their thermo-chemical properties. Therefore,
the mixing strategies, ignition and blowout conditions are expected to be considerably different.
Therefore, accurate simulations tools play a major role in the initial design aspects of the sCO2
combustor development. As per the available literature, guidelines for designing and modeling of
sCO2 combustors are minimal [86-89] and still there is a need of testing a large number of
combinations of initial operating conditions and design strategies before successfully constructing
an efficient methane-sCO2 combustor.
During the initial development of a combustor, even finalizing the design based on 3D
simulations is a tedious task because a wide range of operating conditions or strategies needs to be
tested. Therefore, initial domain of operating conditions or strategies can be minimized by accurate
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0-D and 1-D simulations. Further, the detailed 3D simulations or experiments can be carried based
on the directions of the 0-D and 1-D analysis.
In the current chapter the suitable reactant mixing strategies are identified for sCO2
combustor by 0-D and 1-D analysis of sCO2 combustor. It should be noted that, in this chapter the
“mixing strategy” refers to the reactant mixing composition and temperature. For primary zone, a
total of 35 stoichiometric mixing strategies are considered (will be discussed in detail in the
modeling section) and a suitable strategy is identified among them. Further, the equivalence ratio
of this strategy is varied between stoichiometric to lean to identify the efficient mixing strategy for
sCO2 combustor primary zone. Here, six design criteria have been chosen to eliminate the
incompatible strategies. The design criteria are as follows: 1) The primary zone blowout residence
time, 2) primary zone reactor residence time, 3) primary zone reactor exit temperature, 4) primary
zone aspect ratio, 5) primary zone scalability with respect to an equal power combustor and 6) the
rate of CO, O2 and CH4 consumption in the dilution zone. Though, the sixth criteria are a
phenomenon which is observed in the dilution zone, it is relevant and depends on the percentage
of CO2 dilution in the primary zone. Each of above-mentioned criteria is discussed timely in further
sections.
The perfectly-stirred reactor (PSR) modeling was extensively used in the 1950s to guide
the development of gas turbine combustors and ramjets [81, 90, 91]. Also, complete gas turbine
combustor performance analysis was carried out by coupling plug-flow reactor (PFR) and PSR
models [92-94]. It should be note that, though the actual combustion chamber can be simulated by
multiple PSR and PFR combinations [92], here only a single PSR and PFR combination is used
because the main objective of this paper is not to simulate any combustor but to reduce the initial
domain of operating strategies. Therefore, the results shown in this paper are qualitative in nature.
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In the current work, the real gas version of CHEMKIN, i.e., CHEMKIN-RG [95] is
coupled with existing FORTRAN PSR and PFR codes [96, 97]. As discussed in the first chapter,
CHEMKIN-RG is equipped with equation of states (EOSs) such as van-der-Waals (VDW),
Redlich-Kwong (RK), Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR). These EOSs are
empirical in nature and adopting them to an application needs validation. The work of [87]
illustrated that the SRK EOS is a more accurate EOS for constant pressure sCO2 combustion
applications. Therefore, the SRK EOS is used in this work to simulate along with the detailed
Aramco 2.0 mechanism.
This work is organized as follows: First, a better reactant mixing strategy is identified for
the primary zone i.e. a combination of suitable primary CO2 dilution level and temperature for a
stoichiometric CH4 and O2 stream. The readers should note that, some important conclusions about
the scalability of the combustor are drawn during this analysis. Further, the products of primary
zone calculated based on the better primary mixing strategy, can react in three chosen dilution
chamber configurations. It is known that the better dilution configuration must promote the
oxidation of CO, O2 and CH4. Therefore, based on the rate of CO, O2 and CH4 oxidation over a
given length of the dilution zone, the suitable dilution configuration is identified. In this analysis
it is seen that, the exit CO levels from the dilution zone is relatively high. Therefore, the effect of
lean combustion is studied further to identify the minimum amount of leanness that can be used in
sCO2 combustor in order to consume the CO completely.
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4.2 Modeling
A conventional gas turbine consists of air compressor, combustor and turbine in series.
Incoming air is compressed by the compressor before supplying to combustor where it is mixed
with fuel. Also, only the required amount of air is mixed with fuel in the primary zone (PZ) of the
combustor for effective combustion and the remaining air is used to dilute the hot gases in the
dilution zone (DZ) before entering the turbine (see Fig. 4-1). However, in the direct-fired sCO2
plant compressor pressurizes CO2, and fuel (methane) and oxidizer (oxygen) are injected directly
into the combustor. One of the questions is how much CO2 needs to be mixed with the reactants
in the primary zone and at what temperature, i.e. the mixing strategy of the sCO2 combustor? An
attempt is made in this work to provide initial directions to designers and modelers from a
combustion chemical kinetics point of view. As discussed in the introductory section, the 0-D PSR
and 1-D PFR models are used to model the sCO2 combustor. A schematic diagram is shown in
Fig. 4-1 to explain the modeling of the sCO2 combustor by coupling PSR and PFR. Here, the
primary zone (PZ) or the recirculation zone is modelled as a PSR reactor and the dilution zone
(DZ) is modeled as a PFR reactor.
The PSR modeling assumes that reactants form products instantaneously, which is not the
case in a real case where there are three-time scales: The time for reactant gross mixing, the time
for auto ignition, and the time associated with the molecules to enter and exit the reactor. The PSR
modeling account only for the last one (called the residence time of the reactor), while the first two
are assumed to take place at infinite time scales. It should be noted that, in-spite of not considering
the former two time scales, the PSR and PFR coupling can be considered as a powerful tool to
simulate real gas turbine combustors [92]. A highly turbulent recirculation zone reduces the first
two time scales. In this study, it is assumed that the primary zone of the modelled sCO2 combustor
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is highly turbulent, having strong recirculation so that the product formation is almost
instantaneous. Detailed information of PSR and PFR formulations and programming can be found
in refs. [93, 96, 97].

Figure 4- 1: Modeling of sCO2 combustor by PSR and PFR.
As mentioned earlier, one important characteristic of the sCO2 power cycle concept is its
compactness. The size of the sCO2 turbine is almost 50 times smaller than the conventional turbine
for the same power output [98]. The approximate scalability of sCO2 combustors is not reported
in the literature until this work. For this purpose, a standard industrial combustor GE LM2500 is
considered as a reference. The specifications of this reference combustor model are shown in Fig.
4-2.
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Figure 4- 2: PSR and PFR model specifications for GELM2500 [93]
To design a sCO2 combustor of 25 MW power, first the fuel flow rate entering the
combustor must be defined for the sCO2 combustor. In the current study, methane (with
corresponding O2 added stoichiometrically) flow rate is defined in such a way that the thermal
efficiency of the entire plant is 60%. Also, methane and oxygen constitute only 5% of the total
mass flow rates (remaining is CO2). Only a portion of CO2 is mixed in the PSR and the remaining
is used to dilute the products (from PSR output). Further, the area of cross section of the sCO 2
combustor is chosen based on the corresponding Mach number of the GE LM2500 at the inlet.
The Mach number is the important criteria for primary zone of a combustor and any change in its
value (in the primary zone) significantly affects the combustor pressure losses. In general, the
Mach number at the inlet of the primary zone is 0.02 to 0.05, however, based on the available data,
the Mach number at the primary zone of GE LM2500 inlet is calculated to be 0.064 (the crosssectional area of the sCO2 combustor is calculated based on this Mach number). Another constraint
used in this study is the PSR fuel consumption efficiency. The PSR fuel consumption efficiency
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is defined as the ratio of fuel flow rate at the exit to the fuel flow rate into the PSR. It is found that
for the GE LM2500 combustor, this efficiency is 99.99 percent and in this work the residence
times in PSR are varied to achieve this efficiency.

(𝑚̇

)

𝑃𝑆𝑅 𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 ) = 1 − (𝑚̇ 𝐶𝐻4) 𝑃𝑆𝑅 𝑒𝑥𝑖𝑡

𝐶𝐻4 𝑃𝑆𝑅 𝑖𝑛𝑙𝑒𝑡

(4- 1)

The solution from PSR is used as the input to PFR for simulating the dilution zone. In an
actual combustor, the dilution zone has multiple holes around the circumference and length to
dilute the hot gases before reaching the turbine. Therefore, the actual dilution zone must be
simulated by considering a series of PFRs. However, since the main objective of this paper is to
qualitative design directions for the detailed CFD and experiments, only single PFR is considered.
However, two PFRs are used in the section where the dilution zone configurations are investigated.
One of the main tools for any combustion simulation is an accurate chemical kinetic
mechanism. Recent research from [73, 99, 100] provided methane shock tube experiments which
are carried at the high pressures and at high CO2 dilution levels. They found (also shown in
previous chapter) that the ignition delay times (IDT) predictions of the detailed Aramco 2.0
mechanism are close to the experimental data. The detailed Aramco 2.0 mechanism used in this
study is tailored for C1-C2 compounds (73 species and 426 reactions).
Another important aspect which needs attention while simulating supercritical combustion
is an accurate equation of state. It is understood that at 300 atm pressure using the ideal gas
assumption would lead to a significant deviation of approximately 7.5% in calculating density
[87]. Therefore, usage of ideal gas assumption at supercritical pressures is not valid to predict the
state of a system, because at these pressures the intermolecular forces are significant, and they
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must be accounted for while calculating the chemical and thermodynamic properties, and state of
the system. In Chapter 2, it is shown that the SRK EOS is a more accurate EOS for constant
pressure sCO2 combustion applications and was chosen here as well. As discussed in the
introductory section, the CHEMKIN-RG is coupled with the CHEMKIN-II PSR and PFR codes
to consider the real gas effects in the simulation.
As shown in Fig. 4-3, five levels of CO2 dilution are considered in the primary zone or the
PSR. The total CO2 in the cycle is 95% percent by mass. So, the rest of the CO2 mass is directed
into the dilution zone or PFR. Also, each PSR dilution level is considered at seven inlet
temperatures ranging from 700 K to 1000 K (at 300 atm). Hence, in total 35 possible sCO2
operating conditions are tested in the current study

Figure 4- 3: The tree diagram which shows inlet operating conditions tested for the sCO2
combustor design.
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4.3 The reactant mixing strategy in primary zone
In this section, the unsuitable operating conditions for sCO2 combustor are eliminated from
the 35 conditions shown in Fig. 4-3 by the six criteria mentioned in the introductory section of this
chapter. The first criteria mentioned is the blowout residence time. The blowout characteristics are
the important and preliminary guidelines for the design of any continuous flow combustion system.
Blowout generally refers the minimum residence time or the maximum flow rate beyond which
the flame cannot sustain. The flow rate and the residence time are inter-related by the formula
shown in Eq. 4-2. In the current work, the analysis is carried out for a fixed power output i.e. 25
MW and total cycle efficiency is sixty percent (assumed) [10]. Hence, the total flow rate is a fixed
quantity, however based on the level of CO2 mixing in the primary zone the flow rate into the PSR
will vary.

𝑃𝑆𝑅 𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 =

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟

(4- 2)

𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

Figure 4-4 shows the PSR blowout limits for various primary zone inlet CO2 dilution levels
and temperatures. Here, five levels of dilutions are shown between 0 to 95% of CO2 by mass. The
vertical axis in Fig. 4-4 is representing the PSR blowout residence times on a logarithmic scale.
This figure illustrates that at zero percent dilution level, the order of residence times are 10 -8
seconds and the volume requirement of the reactor is in the order of 10-3 cm3 (volumes are not
shown in the figure). The order of the time scale and the volume shows that the operation of
combustor at zero percent CO2 dilution level is hazardous from the safety point of view i.e. any
leakage would lead to rapid ignition. Also, at the zero percent CO2 dilution level the order of

83

temperature yield is approximately around 3500 K, which is very large for material specifications
(maintaining this temperature in the combustor is not practical). Therefore, all the operating
conditions at 0% CO2 dilution level can be eliminated as not suitable for sCO2 combustor design.
In general, the order of total residence time in the combustor (PSR and PFR together) is in the
order of 3-8 milliseconds. However, in Fig. 4-4, only 30% and 45% dilution levels have this order
of blowout residence time. The blowout residence times for 60% and 90% dilution levels are very
large and they are almost 10-100 times more than the total residence times inside a conventional
combustor. In general, a factor of safety is considered for the blowout residence time while
designing the combustor, hence, it is obvious to expect huge volume of the combustion chamber
at higher PSR dilution levels (like 60% and 90%).
Figure 4-5 displays the relation between the volume of the PSR to its 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 (the PSR
fuel consumption efficiency is defined in Eq. 4-1). Each curve represents a temperature as
mentioned in the color legend. The solid lines correspond to 95% CO2 while the dashed ones are
for 60% CO2 dilutions. The lower most point of each curve in this plot provides the 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 at
the blowout volume. It is clear that the 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 is very poor at the blowout volume. This implies
that volume needs to be increased to achieve this efficiency equal to that of the GE LM2500
combustor. As mentioned in the modeling section, the 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 for GE LM2500 is 99.99%. In
Fig. 5-5, it can be seen that, the amount of PSR volume required for 95% and 60% CO2 dilution
levels to achieve the 99.99% 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 is very large. The 80% of fuel can be burnt within a
relatively smaller volume, however, achieving the efficiency beyond this value needs a very large
volume (the curve beyond 80% has a very small slope).
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Figure 4- 4: The PSR blowout limits under various inlet operating conditions.

Figure 4- 5: The relation between volume and PSR fuel consumption efficiency for PSR.

85

In the previous two paragraphs, it is seen that all the temperature conditions under zero
percent primary CO2 dilution are inappropriate for sCO2 combustor design. In further analysis the
PSR residence time, PSR temperature, primary zone aspect ratio and scalability are taken into
account for identifying satisfactory operating conditions.
The sCO2 turbines are conceptually 50 times smaller than conventional turbines for the
same power output due to the fact that at 300 atm pressure the working fluid will have a density
almost 50 times higher. But, the possible scale down of the sCO2 combustor is not discussed in
the available literature. Since the Mach number is fixed for the primary zone, the area of cross
section is also fixed under each operating condition. From the constraint to obtain 99.99%
𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 , the minimum volume required can be derived (thereafter, the aspect ratio of PSR or
primary zone can be estimated from volume and cross-sectional area).
Figure 4-6 shows residence time, exit temperature, aspect ratio and the possible scalability for
ninety-five, sixty, forty-five and thirty percent CO2 dilutions in the primary zones under various
PSR inlet temperature conditions. All subplots in Fig. 4-6 are calculated at a volume (PSR) which
yields the 99.99% 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 . The subplot (1,1) in Fig. 4-6 shows the residence time with respect
to the inlet temperature (the vertical axis is in logarithmic scale). For ninety-five percent CO2
dilution at all temperatures the residence time required is very high. Residence times at this dilution
levels are varying between 74 s (at 700 K) to 0.8 s (at 1000 K). Also, for sixty percent CO2 dilution,
the residence times are varying between 1 s to 0.05 s. It appears that, for these two dilution levels
the residence times at higher temperatures are achievable, the required PSR aspect ratios in subplot
(2,1) are not practical. Two red lines are drawn in the subplot (2,1) which represent upper and
lower possible aspect ratios. In general, the diameter to the length ratio of the primary zone is
approximately between 0.5 to 5. Therefore, all operating conditions from sixty and ninety percent
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dilution levels can be eliminated from the sCO2 combustor design considerations. Also, the inlet
temperature conditions from 700 K to 900 K in forty-five percent dilution level are eliminated.
The subplot (2,2) in Fig. 4-6 shows all possible scale downs of the cross-sectional area in
comparison to the GE LM2500 combustor. For thirty percent CO2 dilution, the achievable crosssectional area scales down is between 19 times to 15 times lower than those of the GE LM2500
combustor. Also, for two temperature conditions mentioned above in forty-five percent dilution
level has the scalability 13 and 11 times, respectively (the scalability is higher at lower inlet
temperatures because the density is higher). Also, the residence times and aspect ratios are lower
at higher temperatures as evident from the subplot (1,2) in Fig. 4-6.
Figure 4-7 shows the effect of PSR dilution and inlet temperature on the PFR emissions (only
nine cases are considered for analysis because all other cases are so far eliminated). The products
from PSR are diluted with the secondary CO2. The density and temperature at the inlet of PFR are
calculated based on adiabatic mixing method which conserves both mass and enthalpy. The
horizontal axis of each subplot represents the length of PFR (note that the length of GE LM2500
combustor is 70 cm, however in the current plot a length is considered up to 210 cm). The solid
and dashed lines in each subplot of Fig. 4-7 represent 35% and 45% dilution levels, respectively.
Here, the subplot (1,1) indicates the CO level in PFR. At thirty percent dilution level as the inlet
temperature increases CO emissions at the inlet of the PFR (exit of PSR) increase. Also, CO levels
decrease as they pass through PFR. Interestingly, CO emissions at the inlet of the PFR, in fortyfive percent dilution levels is less than the corresponding values at thirty percent dilution cases
across the length of the PFR. Also, it must be seen that, the higher the inlet temperature, the lower
will be the CO emissions at the exit. Also, the higher CO2 dilution and a high temperature cases
are consuming methane at higher rate as is evident from the subplot (1,2) of Fig. 4-7. Further, these
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high CO2 dilution level cases also show the better performance in O2 consumption (seen in subplot
(2,1) of Fig. 4-7). The main reason for the better performance of forty-five percent dilution case is
due to the fact that, it has less secondary CO2 which is used as a diluent in the PFR. Therefore, due
to the lower secondary mass flow rate, the resultant temperature in the PFR inlet is initially higher
than the corresponding thirty percent CO2 dilution case as seen in subplot (2,2) in Fig. 4-7. This
higher temperature at the PFR inlet enhances the consumption of CO.

Figure 4- 6: Requirements of primary zone of sCO2 combustor under various CO2 dilution and
inlet temperature conditions
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To summarize this section, the higher temperatures and forty-five percent CO2 dilution are
recommended for the PSR inlet in order to reduce CO, CH4, and O2 at the PFR exit. note that the
ppm level of CO at the exit of the PFR is tremendously high. The strategies to reduce these levels
in the products would be of interest for the sCO2 combustor and cycle designers. It must be noted
that the levels shown in the Fig. 4-7 can be taken as qualitative because they are the results from
the exit of single PFR. In an actual combustor there are multiple holes along the circumference
and length of the combustor.

Figure 4- 7: The effect of PSR dilution and inlet temperature in PFR emission
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4.4 The strategy of mixing in sCO2 dilution zone
The main aim of this section is to identify the suitable dilution zone design configuration
for sCO2 combustor. The best operating condition identified so far (from previous sections, the
forty-five percent dilution and 1000 K case) is considered for analysis. The products from PSR for
this case are further passed through three different PFR configurations as shown in Fig. 4-8. The
Case-1 configuration has only a single PFR and all the secondary CO2 mix with the products (from
PSR) and flow for 70 cm of combustor length. Also, in Case-2, the secondary CO2 is equally
distributed to two PFRs which are 35 cm distance apart. In Case-3, only twenty percent of
secondary CO2 is allowed through the first (PFR) and remaining eighty percent of the secondary
flow through the secondary PFR. Here the PFR location can be considered as the diluent holes on
the real combustor. In Case-2 all the holes are of equal size, whereas in Case-3 the size of holes is
sequentially increasing. The results of these strategies are shown in Fig. 4-9 (the horizontal axis
depicts the length of PFR).
Subplot (1,1) of Fig. 4-9 shows the variation of CO emissions across the PFR. The initial
CO appears to be different for all three cases because these are the resultant CO after adiabatic
mixing of PSR and secondary CO2 streams. For Case-1, all secondary CO2 is mixed with the PSR
stream, therefore, the ppm level of CO is less. A rapid depreciation of CO can be observed in Case3. The rate of consumption of CO in Case-2 lies between those of Case-3 and Case-1. For Case-3,
only twenty percent of secondary CO2 is mixed with the CO2 stream before PFR I. Therefore, for
Case-1, the flow in the PFR I has a higher temperature than other two cases. The temperature plots
can be seen in the subplot (2,2) of Fig. 4-9. Here the end temperature is the same because the net
quantity of reactants in all three cases are equal. However, the initial temperatures are determined
by the strategy of mixing in the PFR. The difference in the level of CO between Case-3 and Case90

1 is around 1200 ppm, which is very large from the combustion point of view. Therefore, the
strategy as shown in Case-3 is recommended for the design of the dilution zone in the sCO2
combustor for reducing CO levels at the exit. However, the absolute end value of CO in Case-3 is
720 ppm, which is still higher than the allowed limits. A strategy of lean burn is discussed in the
next section in order to further reduce CO emissions. Also, Fig. 4-9 shows that the strategy as
shown in Case-3 could reduce the O2 and CH4 faster

Figure 4- 8: PFR configurations used to identify the best dilution strategy in sCO2 combustor
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Figure 4- 9: Effect of mixing strategy on PFR emissions
4.5 Lean sCO2 combustion
Since the sCO2 cycle is a closed loop cycle, another important requirement is to reduce the
amount of major pollutants (CO and unburnt hydrocarbons) as much as possible so that an
expensive exhaust cleanup system is not required. Therefore, in this section a popularly known
CO reduction technique called “lean burn” is tested for the suitability in sCO2 combustor. The
main disadvantage of lean burn condition in sCO2 cycle application is the supply of O2. The results
in earlier sections (e.g., Fig. 4-9) shows the presence of traces of O2 even though CH4 is completely
consumed. Therefore, supplying additional O2 may hurt the cycle operation cost since O2 is
separated from atmospheric air by using auxiliary separation unit in the sCO2 cycle. But it should
be noted that oxidizing CO to CO2 would increase the overall cycle efficiency. The lean burn
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operating conditions of sCO2 may reduce the CO emission level, however, the best bet is to identify
the trade-off between the CO level and excess O2 supply. Therefore, in the current section four
equivalence ratios (ϕ) =1, 0.9, 0.8, and 0.7 are analyzed. The percentage of inlet CO2 mass is
maintained as 95%, however the flow rates are adjusted for achieving 25 MW power with sixty
percent over all plant efficiency. For all cases in this section, the 45% of CO2 is mixed in the
primary zone and the inlet temperature to the primary zone is1000 K.
Figure 4-10 shows the blowout residence time requirement for sCO2 combustor under
various ϕ values, where it is seen that longer residence time is needed for lean burn conditions
(than stoichiometric conditions). Longer residence time implies the molecules spend more time
inside the combustor in order to sustain combustion. Figure 4-11 displays the various design
possibilities and PSR emissions under lean operating conditions. It should be noted that all subplots
in Fig. 4-11 are made for PSR which gives 99.99% of 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 . The subplot (1,1) shows the
residence time requirement to achieve the 99.99% 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 under various lean operating
conditions.

Figure 4- 10: Blowout residence time under various ϕ values.
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Here, it appears that for ϕ values 1, 0.9 and 0.8 the residence time requirement is not
significantly different. However, at ϕ = 0.7 has significant difference with other cases. Also,
subplot (1,2) shows the possible scale-down in terms of area of cross section compared to the GE
LM2500 combustor. It must be noted that the area of cross section is determined based on Mach
number=0.064. The result in this subplot shows that scalability for lean operating conditions is
less compared to stoichiometric conditions. Also, the aspect ratio in the subplot (1,3) of Fig. 4-11
indicates the practical possibility of designing the PSR zone in lean burn conditions, because the
aspect ratio is just varying around 2 for the all cases considered. Further, the subplots (2,1) and
(2,2) of Fig. 4-11 show the drop in the CO level from ϕ=1 to ϕ= 0.9 is drastic compared to other ϕ
values. In conventional combustors, the level of CO after primary zone is 4000 ppm and it will be
reduced to desired levels in subsequent dilution zones. However, the subplot (2,1) shows that, at
ϕ=1 the CO level is almost 10,000 ppm and is in between 5000 to 3000 ppm for other lean
conditions. There is a drop of approximately 5000 ppm CO due to lean equivalence ratio, ϕ (mainly
because of the availability of O2). Therefore, lean operation is necessary for sCO2 combustor to
reduce the CO emissions. The subplot (2,3) indicates more than 120 K difference between ϕ=1
and ϕ=0.7. for PSR exit temperature. This temperature drop warns us regarding the usage of lean
conditions in sCO2 combustion, because it would reduce the enthalpy associated with the system,
which will affect the performance of the turbine. However, it should be noted that there is a rise in
the total flow rate under lean conditions. Hence, loss in turbine power by temperature loss will be
partially compensated by the rise in the flow rate as detailed next.
The best lean operating condition cannot be identified by doing PSR analysis alone.
Therefore, a Case-3 PFR (as in previous section) strategy is used downstream of the PSR of all the
lean conditions shown in Fig. 4-11. Figure 4-12 provides the emissions in PFR under various lean
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burn condition. Here, the subplot (1,1) shows that, all of CO is burnt to zero level at ϕ=0. 9, and
interestingly, it is achieved at 35 cm length. Therefore, lean burn less than 0.9 may not be necessary
in sCO2 combustors because further lean burn may add operating cost of a larger oxygen separation
unit. Also, it can be seen from subplot (2,1) that methane is completely consumed at 35 cm of PFR
length. Therefore, the current analysis yields the possibility of scaling down the dilution zone of
sCO2 combustor to 50%. However, it must be noted that the “possible scale-down” mentioned in
this investigation is only from the combustion point of view. The rate of diffusion mixing of
reactants inside the sCO2 combustor play another major role in determining the possible scaledown of the combustor. The subplot (2,2) in Fig. 4-12 illustrates that the PFR outlet temperature
at 70 cm is dropped because of lean burn. The exit temperature difference between ϕ=1 and ϕ=0.9
is around 2.17 percent, however, the rise in mass flow rate is 8.76 percent. Therefore, the net
turbine power increases because of lean operation of the combustor at ϕ=0.9.

Figure 4- 11: Effect of lean operation on PSR design and emissions (at 99.99% 𝜂𝑃𝑆𝑅,𝐹𝑈𝐸𝐿 )
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Figure 4- 12: Emissions from the PFR under various lean burn conditions
4.6 Conclusions
The current work provides some strategies and best operating conditions for direct-fired
sCO2 combustors based on the zero-dimensional reactor modeling analysis. Here, the sCO2
combustor is modelled by coupling perfectly stirred rector (PSR) and plug flow reactor (PFR)
models. The real gas effects are considered using the Soave-Redlich-Kwong (SRK) equation of
state. Also, the detailed Aramco 2.0 mechanism is used for accurate representation of the
combustion kinetics. The scalability of the combustor is investigated with respect to the
conventional 25 MW industrial combustor GE LM2500.
The total CO2 in the cycle is 95% and the primary zone is diluted with a series of CO2
dilution levels 0%, 30%, 45%, 60% and 95%. Under each primary dilution level seven inlet
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operating condition are analyzed between 700 K to 1000 K at 300 atm. The conclusions of the
analysis are as follows:
1)Operating the combustor without any CO2 dilution in the primary zone is very dangerous,
because the blowout residence times are of the order of 10-8 s.
2)When the primary zone CO2 dilution level is 95%, the amount of residence time required
to achieve 99.99% PSR fuel consumption efficiency is very large and not practical at the all studied
inlet temperature conditions.
3)When the primary zone CO2 dilution level is 60%, the PSR residence time required for
achieving 99.99% PSR fuel consumption efficiency are of the order of 1 s. Also, the length to
diameter aspect ratio is in between 500 to 20. The design of the primary zone with these aspect
ratios are not possible, therefore, all of the 60% dilution cases considered in this work are not
suitable for sCO2 combustor design.
4)The high temperature conditions (950 K and 1000 K) under 45% CO2 dilution level, and
all temperature conditions under 30% CO2 dilution level are practically possible for sCO2
combustor design.
5)The area of the cross section of sCO2 combustor can be scaled-down between 10 to 20
times with respect to the conventional combustor (for the same power output).
6)The high temperature conditions under 45% CO2 dilution level was observed to yield
less emissions of CO and CH4 at the exit of the combustor. Therefore, this study recommends the
45% CO2 dilution in the primary zone at inlet temperatures of 950 K and 1000 K.
7)The holes with gradually increasing diameter on the combustor dilution zone are
recommended. Because, this kind of ascending diameter holes maintain the initial dilution zone
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temperature relatively higher, which supports the drastic oxidation of CO, O2 and CH4 in the
dilution zone.
8)The sCO2 combustor can be operated at a lean burning condition of ϕ=0.9 to completely
oxidize CO from the combustor. The length of the PFR can be scaled-down to half of the
conventional combustor.
It is observed that, the exit temperature difference between ϕ=1 and ϕ=0.9 is around 2.17
percent, however, the rise in mass flow rate is 8.76 percent. Therefore, the net turbine power
increases because of lean operation of the combustor at ϕ=0.9
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CHAPTER 5: A GENERAL STUDY OF COUNTERFLOW DIFFUSION
FLAMES FOR SUPERCRITICAL CO2 MIXTURES
5.1 Introduction
In the current paper an attempt is made to understand the influence of CO2 dilution and
pressure on the non-premixed sCO2 combustion by using the popular, axisymmetric counterflow
diffusion flame analysis. A schematic diagram of counterflow diffusion flame is shown in the Fig.
5-1. Counterflow diffusion flames are significant in the field of non-premixed turbulent systems
because the turbulent flame can be assumed as a combination of small laminar flamelets locally,
therefore, the local strain effect on a turbulent flame can be studied simply by changing the strain
(by changing the inlet boundary conditions) on the counterflow diffusion flame. It should be noted
that, in the current work inlet velocity of both streams is kept constant at 40 cm/s.

Figure 5- 1: A schematic diagram of the counteflow diffusion flame (U is the inlet velocity
boundary condition and Zst is the stoichiometric mixture fraction)
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A comprehensive experimental and numerical literature of counterflow diffusion flames is
obtainable for ideal gases and real gases [101-106]. However, similar analysis for sCO2 oxymethane combustion with real gas effects is not available. Therefore, in the chapter attention is
focused on sCO2 mixtures.
The organization of this chapter is described as follows. Initially, the modeling section
describe various real gas corrections and inputs accounted in the current simulation. Further, a
comparison is made between Peng-Robinson (PEN) and Soave-Redlich-Kwong (SOV) equation
of states (EOS) under various CO2 dilution conditions and SOV EOS is chosen for further
simulations. Further, this study mainly focuses on investigating few important non-premixed
combustion characteristics such as Prandtl number, thermal diffusivity, Lewis number,
stoichiometric scalar dissipation rate, flame thickness and Damköhler number etc., and their
dependency on both CO2 dilution and pressure

5.2 Modeling
As described in the introduction section, the operating conditions of sCO2 combustors are
in the supercritical regime where intermolecular forces are prominent and can alter the
thermodynamic and transport properties. Therefore, simulations must account the real gas
corrections.
A pictorial representation of real gas thermal and transport property implementation into
the OPPDIF [107] (a FORTRAN counterflow diffusion flame code) is shown in Fig. 5-2. The
OPPDIF is a one-dimensional Fortran program that computes the diffusion flame between two
opposing nozzles by using a two-point boundary value problem solver. The two-point solver solves
the discretized differential equations by adaptive finite difference schemes. The CHEMKIN
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OPPDIF code for counterflow diffusion flames [107] is coupled with CHEMKIN-RG [108] to
account for real gas corrections and SRK EOS is used for the simulation.

Figure 5- 2: A pictorial representation of the real gas modeling in the current study.
5.2.1 Viscosity modeling:
The investigation presented in the Chapter 2 recommends the usage of the Lucas et al. [56,
109] one fluid approach for modeling sCO2 combustion mixture viscosity, because this approach
is relatively inexpensive in terms of computation, shows a good agreement with NIST when this
method is applied to major species of combustion, and the predicted viscosity is closer to other
supercritical viscosity models. This method does not consider the interaction between species as it
is in Chung et al. method [56]. Therefore, this model is implemented in the OPPDIF for
supercritical mixture viscosity estimation along with real gas EOS. More details of this viscosity
model are presented in the Appendix A.
In this method the mixture is assumed as a single fluid and the critical properties of mixture
are calculated based on the weightage of its constituent’s mole fractions 𝑥𝑖 . Please note that, here
suffix ‘i’ represents the species.
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5.2.2 Thermal conductivity modeling:
The investigation presented in the Chapter 2 recommends the usage of Stiel and Thodos
model [56, 59] due to its better accuracy and lesser computational time compared to Chung et
al.[56] method. The Stiel and Thodos method estimates the supercritical thermal conductivity by
adding a correction factor to the low-pressure thermal conductivity at the same temperature. This
correction factor is a function of critical properties of the mixture and its reduced density. In
general, Stiel and Thodos method is not recommended for polar substances however the work of
[82] shows that at higher temperatures the thermal conductivity of H2O (which is a major polar
molecule in the sCO2 combustion ) is better predicted by this model. Therefore, this model is
implemented in this work along with the real gas EOS. More details of this thermal conductivity
model are presented in the Appendix A.
5.2.3 Chemical mechanism:
The UCF 1.1 24-species mechanism is employed in this work accounts for the chemical
kinetics. This mechanism is an updated version of the mechanism used in [110] and the rates of
some reactions in this mechanism are updated with the rates specifically calculated for sCO2
combustion [67-69, 83, 84] as discussed in chapter 3.
5.3.4 Case setup
As discussed in the modeling section the updated OPPDIF code is used to simulate the
counterflow diffusion flame. The width between two jet inlets is two centimeters. It should be
noted that, the fuel jet is located at 𝑥 = 0 and the oxidizer jet is located at 𝑥 = 2 centimeters. Three
different levels of sCO2 dilution such as thirty, sixty and ninety percent by mass in the oxidizer
stream is used in the analysis. Also, four supercritical pressures, i.e. pressure which are beyond the
critical point of major diluent CO2, such as 150, 200, 250 and 300 atm. are used to investigate the
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influence of pressure. Also, it must be noted that only real gas simulations performed with SOV
EOS to account for the real gas corrections in transport properties as discussed in the modeling
section.

5.3 The influence of equation of state
The equation of states available in literature can be categorized into virial-type, molecularbased and van der Waals type EOS [33, 34]. The virial and molecular based EOS are highly
accurate and complex in their formulations. Hence, using them in combustion simulations are
computationally expensive. The third category of EOS, i.e. van der Waals type EOS such as PengRobinson EOS (PRS) [39] and Soave-Redlich-Kwong (SOV) [38] are popularly seen in the
supercritical combustion literature [40, 41]. The work of [82] reports equivalent performance of
SOV and PEN EOS for sCO2 premixed mixture from unburnt to fully burnt condition. In the
current paper, a comparison is made between SOV and PEN at different dilution levels of CO2 at
a reactor pressure of 300 atm.
Figure 5-3 shows the influence of EOS on temperature profile of the counterflow diffusion
flame at various levels of CO2 dilution in the oxidizer stream and at 300 atm. pressure. The
boundary conditions of this numerical experiment are shown in Table 1. Here, three different
dilution levels are chosen because the oxidizer stream can have any level CO2 dilution, so a broader
range is studied. The result shows that, at thirty percent dilution, there is a clear distinction between
the temperature profiles predicted by SOV and PEN, whereas, as the dilution level is increasing
the estimates of these two EOS are becoming identical. The reason for this occurrence can be
explained as follows. The mole fraction of the H2O in the products is higher at lower CO2 dilution
condition compared to a higher CO2 dilution condition. Since the critical pressure of the H2O is
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approximately 218 atm. (much higher than other major combustion products), it would
significantly increase the whole mixture critical pressure. Hence, the ratio of the operating pressure
to the mixture critical pressure i.e. the reduced pressure 𝑃𝑟 decreases. In this case, the operating
pressure of the reactor is 300 atm, therefore the magnitude of 𝑃𝑟 is closer to one at lower dilution
case compared to higher dilution case. In general, the van der Waals type EOSs agree very well
when 𝑃𝑟 and 𝑇𝑟 are far higher from unity [56] which is not the case at low CO2 dilution condition.
Therefore, from this study it is recommended to validate EOS when it is applied to a low CO 2
dilution sCO2 combustion system. At a high CO2 dilution and pressure case the PEN and SOV are
equivalent. Therefore, SOV EOS is used in the rest of the current study. Also, Fig. 5-3 shows that
at ninety percent dilution, the difference between IGA and real gas EOS is higher, it is because
under this condition compressibility factor 𝑍𝑐𝑚 is higher hence the difference in real gas and ideal
gas assumption is higher.
Table 5- 1: List of boundary condition used for analyzing the influence of equation of state

Reactants

Oxidizer jet

Fuel jet

O2

CH4

CO2 (varied from
30% to 90% by
mass)
Temperature (K)

1000

1000

Inlet velocity (cm/s)

40

40

Reactor pressure (atm)

300

300
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IGA

SOV

3500

4000

1800
60%CO2 dilution

30%CO2 dilution
3500
Temperature (K)

PEN

90%CO2 dilution

3000

3000

1600

2500

2500

1400
2000

2000

1000
0.76

1200

1500

1500

0.80

0.84

0.88

1000
0.76

1000
0.80

0.84

0.88

Distance (cm)

Distance (cm)

0.76

0.80

0.84

Distance (cm)

Figure 5- 3: The Effect of EOS on flame temperature at different oxidizer CO2 dilution levels
(300 atm. pressure and U=40 cm/s)

5.4 The effect of CO2 dilution and reactor pressure:
As discussed in the introduction section, the overall dilution of CO2 in the sCO2 combustor
must be approximately ninety-five percent by mass. However, the level of dilution in the primary
and secondary zones of the combustor will be chosen based on the design requirement [111-113]
such as low-Mach number inlet, shorter combustor residence time and complete oxidation of CO
before the combustor exit, etc. Therefore, it is very important to look at the non-premixed
combustion characteristics at different levels of CO2 dilution. In the current study three different
levels of CO2 dilution are considered in the oxidizer stream such as thirty, sixty and ninety-percent.
Also, though the optimized pressure of direct-fired sCO2 combustor is 300 atm. the initial test run
combustors are being developed at 150-200 atm. [113]. Therefore, four reactor pressures such as
150, 200, 250 and 300 atm. are considered for analysis. The interesting investigation would be to
know how dilution and pressure is influencing the important non-premixed combustion
characteristic like transport of species, momentum, heat, scalar dissipation, flow and chemical time
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scales etc. This investigation is important because, combustion codes reasonably assume some of
these characteristics to reduce the complexity and associated computational time.
Two cases as presented in Table 5-2 are studied to understand the influence of CO2 dilution
and reactor pressure. Also, SOV EOS is used for these simulations. In case-1, the pressure is kept
constant and the CO2 dilution is varied, whereas in case-2, dilution level is kept constant and
reactor pressure is varied.
Table 5- 2: List of boundary condition used for analyzing the influence of CO2 dilution and
pressure

Case1

Reactants

Fuel jet

O2

CH4

CO2 (varied as
30%, 60% and
90% by mass)
Temperature (K)
Inlet velocity (cm/s)
Reactor pressure (atm)

Case2

Oxidizer jet

Reactants

1000

1000

40

40

150
O2

150
CH4

CO2 (90% by
mass)
Temperature (K)
Inlet velocity (cm/s)
Reactor pressure (atm)

1000

1000

40

40

Varied as 150, 200, 250 and 300

5.4.1 Influence on temperature:
Figure 5-4 shows the effect of CO2 dilution (left) and reactor pressure (right) on the counter flow
diffusion flame temperature. Here, the horizontal axis with the label “distance” represents the
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distance between the fuel and oxidizer inlets. The fuel jet is located at 𝑥 = 0 and oxidizer jet is
located at 𝑥 = 2. The result shows that the flame temperature decreases as the CO2 dilution
increases (left) and increases as the reactor pressure increases (right). It is because as CO2 dilution
increases the mixture specific heat increases, hence the enthalpy released during the combustion
process is absorbed by the CO2 without increasing the temperature. Also, it is known that pressure
can increase the combustion temperature which be seen the “inset” view of the Fig. 5-4.

Figure 5- 4: The variation of temperature with respect to percentage of CO2 dilution and reactor
pressure at U= 40 cm/s (Inset shows the zoomed view of temperature variation with pressure)
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5.4.2 Influence on Prandtl number:
The Prandtl number compares the momentum and heat transport in a mixture. Also, this
number provides insight of the sCO2 non-premixed combustion characteristics. Prandtl number
greater than unity represents that momentum is dominating the thermal diffusion rate and vice
versa. The Prandtl number is defined as follows.
𝜇
⁄𝜌

𝑃𝑟𝑎𝑛𝑑𝑡𝑙 𝑛𝑢𝑚𝑒𝑏𝑟 = 𝑘

(5- 1)

⁄𝜌𝑐𝑝

The variation of Prandtl number with respect to CO2 dilution and pressure is shown in Fig.
5-5. The figure shows that, as the CO2 dilution increases the Prandtl number on the flame
(minimum value on the curve) and oxidizer stream increases. Also, pressure (right plot of Fig. 55) increases the Prandtl number on either side of jets. Here, the first observation is the overall
Prandtl number in all these cases is less than one which clearly indicates that thermal diffusivity
dominated momentum diffusivity in sCO2 combustion.
Second, the Prandtl number is more influenced by the percentage of CO2 dilution than by
the pressure (note the pressure change is very high). The main reason for this change is thermal
diffusivity and viscosity as shown in the Figs. 5-6 and 5-7. The thermal diffusivity and viscosity
are increasing with increase in temperature however in this case the rise in thermal diffusivity is
more than the viscosity so the resultant Prandtl number on flame is lowest for 30% CO2 dilution.
Also, increases in pressure reduce the diffusivity significantly more than increasing the viscosity
as observed in the left side plots of Figs. 5-6 and 5-7. Hence, the Prandtl number on the jet
increases.
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Figure 5- 5: The variation of Prandtl number with respect to percentage of CO2 dilution and
reactor pressure (at U=40 cm/s)

Figure 5- 6: The variation of thermal diffusivity with respect to percentage of CO2 dilution and
reactor pressure (at U=40 cm/s)
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Figure 5- 7: The variation of viscosity with respect to percentage of CO2 dilution and reactor
pressure (at U=40 cm/s)
Thirdly, the overall variation of Prandtl number between both the jets and flame is
relatively very minimal for 90% CO2 dilution case. Therefore, assuming a constant value under
this condition holds reasonable for simulations which accounts flame wall interactions. The
average value of Prandtl number is varying only between 0.733-0.739 for all the pressure
conditions at 90% CO2 dilution. For high fidelity of these simulations at lesser CO2 dilution levels
a variable Prandtl number approach needs to be considered.
5.4.3 Influence on the Lewis number:
The Lewis number is the ratio of thermal diffusion to the molecular diffusion as shown in
the Eq. 5-2. The computation of 𝐷𝑘 is challenging in a combustion code especially if there are
many number of species are involved [114]. A most common assumption in premixed and nonpremixed combustion is that this number changes very little across the flame [115] and hence
assumed as constant (in general, it is assumed as one) for theoretical and model developments.
This assumption may not hold good for some applications especially when the Lewis numbers are
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varying significantly across the flame and not equal to one. Hence, there are complex approaches
available in non-premixed combustion literature which accounts the Lewis number variation [116].
Therefore, it is very important to analyze the nature of Lewis number in sCO2 combustion before
choosing an appropriate model or theoretical tool for analysis.
𝐿𝑒𝑤𝑖𝑠 𝑛𝑢𝑚𝑒𝑏𝑟 =

𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦
𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦

=

𝐷𝑡ℎ
𝐷𝑘

𝑘

= 𝜌𝐶

𝑝 𝐷𝑘

(5- 2)

Figure 5-8, 9 and 10 shows the variation of Lewis numbers of CO2, CH4 and OH across
the flame for the cases 1 and 2 as discussed previously in the Table 5-2. Further, Fig. 5-11 shows
the ‘Lewis number on the flame’ of some important species in sCO2 combustion. Figure 5-8, 9, 10
shows that, the Lewis number of CO2, CH4 and OH towards the oxidizer side is lower compared
to the fuel side. It is mainly due to lesser thermal diffusivity towards oxidizer side (can be seen in
Fig. 5-6). Next, the Lewis number for these species are approximately same for fuel jet at all
different levels of dilution whereas towards the oxidizer side Lewis number keeps decreasing with
increase in the CO2 dilution and hence increases the difference in the Lewis number across the
flame. Again, this can be attributed to the decline in thermal diffusivity with dilution.
As explained earlier, Fig. 5-11 shows the Lewis number of few important species on the
flame. Here, the horizontal axis represents the reactor pressure and each subplot has Lewis number
information at three different dilution conditions. The figure illustrates that, for all the species
shown, the Lewis number decreases with increases in dilution. It should be noted that, on each
subplot the Lewis number curves at different CO2 dilutions are differentiated by almost same
magnitude. It shows that, increase in 30% CO2 dilution reduces the Lewis number of species
approximately by 15%. Further, Lewis number is not significantly influenced by the change in the
pressure.
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The magnitudes of Lewis numbers of OH and H2O shows that the molecular diffusivity of
these species is slower compared to heat diffusivity whereas for rest of the species it is reversed.

Figure 5- 8: The variation of CO2 Lewis number with respect to percentage of CO2 dilution and
reactor pressure (at U=40 cm/s)

Figure 5- 9: The variation of CH4 Lewis number with respect to percentage of CO2 dilution and
reactor pressure (at U=40 cm/s)

112

Figure 5- 10: The variation of OH Lewis number with respect to percentage of CO2 dilution and
reactor pressure (at U=40 cm/s)

Figure 5- 11: The variation of Lewis number on the flame of various important species in OxyMethane combustion with respect to percentage of CO2 dilution and reactor pressure (at U=40
cm/s)
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5.4.4 Influence on the scalar dissipation:
Scalar dissipation 𝜒 is one of the important quantities in the non-premixed combustion
theory and modeling. It measures the gradient of mixture fraction and is proportional to flame
strain. Hence, this is considered as a controlling quantity for mixing. Figure 5-12 shows the
variation of stoichiometric scalar dissipation (value on the flame) with respect to dilution and
pressure. It explains that, the scalar dissipation is least at high CO2 dilution condition i.e. the
mixing time scale is large or slow mixing. Also, there is no significant change is observed in the
scalar dissipation with respect to the pressure. This quantity provides a physical feel for the highly
diluted high pressure sCO2 combustion. The reason for the aforementioned observations can be
explained as follows.

Figure 5- 12: The variation of stoichiometric scalar dissipation with respect to the pressure and
dilution (at U=40 cm/s)
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The flame thickness as shown in Fig. 5-13 illustrates that, the CO2 dilution increases the
flame thickness. It should be noted that here the flame thickness is defined as, full width at half
the maximum of the measured H2O profiles [104]. The increase in the flame thickness represents
the gradients involved in the flame vicinity are comparatively smaller for high CO2 diluted flame.
Hence, the scalar dissipation is smaller for high CO2 diluted combustion. Figure 5-13 also shows
that the increase in pressure thins the flame in accordance with [117].

Figure 5- 13: The variation of flame thickness with respect to the pressure and dilution (at U=40
cm/s)
5.4.5 Influence on the Damköhler number:
Damköhler number is the ratio of flow time scale to the chemical time scale. Therefore, the
flow and chemical effects on the diffusion flame structure are generally quantified by the
Damköhler number. Some flamelet solution methodologies [114] assume that the combustion is
fast i.e. Da=∞, so that that the products form instantaneously (achieves equilibrium
instantaneously). Such, methodologies do not account for the dependency of scalar dissipation on
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the solution (or assume 𝜒=0). However, finite rate chemistry must be accounted in the flame zone
(important near to stoichiometric mixture fraction) when Damköhler number has a finite value. In
the current study, the flow time scale is taken as the inverse of the stoichiometric scalar dissipation
rate (1⁄𝜒𝑠𝑡 ) and the global chemical timescale is computed based on Eq. 5-3. Eq. 5-3 represents
the inverse of non-dimensionalized energy release rate [118]. Here, ℎ𝑝 is obtained from the
OPPDIF solution and the mixing line enthalpy is calculated based on the pure mixing (frozen
chemistry) assumption.
𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑡𝑖𝑚𝑒 𝑠𝑐𝑎𝑙𝑒 =

ℎ𝑝 −ℎ𝑚𝑖𝑥𝑖𝑛𝑔 𝑙𝑖𝑛𝑒

(5- 3)

∑𝑘𝑘
𝑖 𝜔̇𝑖 ℎ𝑓𝑖 ⁄𝜌

𝐽

Here, ℎ𝑝 − 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑘𝑔𝐾)
𝐽

ℎ𝑚𝑖𝑥𝑖𝑛𝑔 𝑙𝑖𝑛𝑒 − 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑢𝑛𝑏𝑢𝑟𝑛𝑡 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 𝑜𝑛 𝑝𝑢𝑟𝑒 𝑚𝑖𝑥𝑖𝑛𝑔 𝑙𝑖𝑛𝑒 (𝑘𝑔𝐾)
𝜔̇ − 𝑚𝑜𝑙𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 ′𝑖′ (

𝑚𝑜𝑙
𝑚3 𝑠

)

𝐽

ℎ𝑓𝑖 − 𝐻𝑒𝑎𝑡 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑜𝑙𝑎𝑟 𝑢𝑛𝑖𝑡𝑠 (𝑚𝑜𝑙)
𝑘𝑘 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠
𝜌 − 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (

𝑘𝑔
)
𝑚3

Figure 5-14 shows the variation of Damköhler number with respect to the pressure and
dilution. First, it can be observed that the Damköhler number is finite at all different levels of
dilution and significantly lower at high CO2 dilution case. Therefore, this finite value to the
Damköhler number represents that sCO2 combustion falls in finite rate chemistry regime.
Secondly, the result shows that Damköhler number is significantly dropped from 30%
dilution case to 60% dilution case and then relatively a small reduction from 60% dilution to 90%
dilution case. It is important to review Fig. 5-14 in this context, because, Fig. 5-14 shows that the
flow timescale (1⁄𝜒𝑠𝑡 ) is increased by twice when the CO2 dilution is changed from 30% to 60%
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percent, whereas the Damköhler number drops by almost 18x. This demonstrates that the chemical
timescale is significantly increased at 60% CO2 dilution case. This observation (non-linearity in
the Damköhler number variation with dilution) is very important for the design and operation of
sCO2 combustors. A very low Damköhler number signifies possible issues combustion
inefficiencies or instabilities like incomplete burning and even flame blow-off. Further, it is
observed that Damköhler number increases slightly with pressure but not significant compared to
dilution. The huge variation in Damköhler number with respect to CO2 dilution shows that the
combustion regime can vary significantly with CO2 dilution. Especially, a lower value of
Damköhler number at high CO2 dilution signifies that chemical time scales are not significantly
higher than the flow time scales, hence laminar flamelet assumptions are not physically correct for
sCO2 combustion applications.

Figure 5- 14: The variation of Damköhler number with respect to pressure and dilution (U=40
cm/s)
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5.5 Conclusions
Work presented in this chapter here is a step towards addressing the modeling challenges
faced by sCO2 combustion at high pressures. A counterflow diffusion flame analysis was
performed for supercritical CO2 combustion by using an updated OPPDIF code. This updated code
accounts for the real gas effects in both thermal and transport properties. The viscosity and thermal
conductivity are modelled with Lucas et al. [56, 109], and Stiel and Thodos models [59],
respectively. Also, a 24-species mechanism derived from the UCF 1.1 mechanism (a mechanism
developed for sCO2 applications) is used. Further, the nature of some important non-premixed
combustion characteristics such as Prandtl number, Lewis number, scalar dissipation, flame
thickness, Damköhler number are investigated at various levels of CO2 dilution (in the oxidizer
stream) and supercritical pressures.
Some important conclusions from this study are as follows:
1) The Peng-Robinson and Soave-Redlich-Kwong equation of state are identical in terms of
their prediction at high CO2 dilutions (sixty and ninety percent dilutions) whereas they
differ significantly at lower CO2 dilutions. Therefore, validation is recommended at lower
dilution conditions.
2) The Prandtl number in sCO2 combustion is always less than unity. Further, an increase in
the CO2 dilution increases the Prandtl number in the flame. At 90% CO2 dilution the
difference between the Prandtl number in the flame and the inlet streams (oxidizer and fuel
streams) is very small hence a constant Prandtl number assumptions holds reasonably well.
Increase in reactor pressure increases the Prandtl number but the change is not as
significant as with dilution.
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3) The Lewis number varies significantly across the flame due to the large difference in the
thermal diffusivity of fuel and oxidizer streams. Further, the increase in CO2 dilution
towards the oxidizer side increases the difference of Lewis number across the jets. Also,
the Lewis number for some important species in the flame and their variation with respect
to dilution and pressure is reported. The Lewis number of species is more influenced by
dilution than to pressure. Interestingly, the drop in the Lewis number with dilution follows
a certain proportion. Every 30% rise in CO2 dilution drops the Lewis number of the species
by 15%. The results show that assuming Lewis number equal to unity may not hold good
for sCO2 combustion applications.
4) The increase in CO2 dilution decreases the stoichiometric scalar dissipation 𝜒𝑠𝑡 , which
implies that flow timescales (mixing) getting longer with dilution. Also, 𝜒𝑠𝑡 increases a
little with an increase in pressure.
5) The flame thickness increases with an increase in CO2 dilution and reduces with pressure.
6) The Damköhler number decreases with an increase in CO2 dilution. Also, the CO2 dilution
influences the chemical times scale more significantly than flow time scales. Both chemical
timescale and flow time scale becomes larger with dilution, however chemical time scale
increases more than flow time scale. It means that, Damköhler number drops non-linearly
with respect to the CO2 dilution. This observation is very important for the operation of
sCO2 combustor.
7) The Damköhler number is too small in high CO2 dilution conditions and large in low CO2
dilution conditions. Hence, overall combustion cannot be categorized as too fast or too
slow as the time scale of combustion depends on the local percentage of CO2. Hence, the
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turbulent combustion model for sCO2 combustion simulation needs to be applicable in all
the regimes of Damköhler number.
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CHAPTER 6: SUMMARY
The potential and benefits of the direct-fired sCO2 cycle is superior to many of the trending
energy production technologies, the operating conditions are stumbling blocks to its design and
development. Any experimentation on combustion phenomenon at ~300 bar pressure and 95%
CO2 dilution are expensive, time consuming and even dangerous. Hence, accurate modeling of
sCO2 combustion phenomenon would help developers significantly in the initial design and
development processes.
Due to the nature of the involved complexity and limitation of the computational power,
most of the theory and models in combustion are built based on certain underlying assumptions.
Though enormous combustion literature existing, there is very less information available in
specific to fundamental sCO2 combustion. Hence, it is very important to investigate the suitability
various supporting models and verify the applicability of common underlying assumptions.
Therefore, the current work focuses on analyzing various models and fundamental characteristics
for sCO2 combustion.
Initially, available relations for EOS’s and other thermal properties and transport properties
needed to model super critical CO2 combustion were reviewed, and recommendations are
provided. It is identified that, Soave-Redlich-Kwong and Peng-Robinson Equation-of-state are
equally suitable for sCO2 combustion simulations as they are close to NIST REFPROP model.
Further, various fundamental properties of sCO2 combustion are quantified and then the influence
of compressibility factor on those properties is estimated. Also, popular supercritical viscosity and
thermal conductivity models are evaluated based on their accuracy and computational cost. The
results show that, the Lucas et al. mixture method is more suitable for viscosity modeling and Stiel
and Thodos method is suitable for thermal conductivity modeling of sCO2 mixture.
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Next, a comparison is made between the Aramco 2.0 and GRI 3.0 mechanism by using
various van der Waal’s type of equations to predict the ignition delay times of a shock tube. From
this analysis, the Aramco 2.0 mechanism is confirmed to be a better accurate mechanism available
for sCO2 combustion applications. After that, a 23-species skeletal mechanism has been developed
from Aramco 2.0 mechanism by using the path-flux-analysis method (PFA) by employing the
CHEM-RC tool. Finally, Aramco 2.0 mechanism is updated with the reaction rates specifically
determined for sCO2 conditions and shown the improvement in ignition delay time predictions.
Further, crucial design strategies and best operating conditions for direct-fired sCO2
combustors are identified based on the zero-dimensional reactor modeling analysis. Here, the sCO2
combustor is modelled by coupling perfectly stirred rector (PSR) and plug flow reactor (PFR)
models. The real gas effects are considered by using the Soave-Redlich-Kwong (SRK) equation
of state.
Finally, a counter flow diffusion flame simulation is carried to understand various
fundamental characteristics like Lewis number, Prandtl number, Scalar dissipation and Damköhler
number etc. The result shows that the percentage of CO2 in the oxidizer stream significantly
influence combustion characteristics than the reactor pressure. Assuming unity Lewis number is
not suitable sCO2 combustion simulations as it is found that there is a significant difference
between fuel side and oxidizer side Lewis numbers.
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FUTURE TASKS

Supercritical CO2 combustion chamber would have all possible localized cells where
chemistry is varying from fast chemistry regime to a slow burning regime depend up on the
localized CO2 mass fractions. Hence, understanding turbulence-chemistry interactions are very
important. The current study will be prolonged to understand the detailed chemical kinetic
behavior of sCO2 combustion under various levels of turbulence and develop appropriate chemical
kinetic mechanisms.
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APPENDIX -TRANSPORT PROPERTY FORMULATIONS
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Critical temperature of the mixture 𝑇𝑐𝑚 :
𝑇𝑐𝑚 = ∑𝑖 𝑥𝑖 𝑇𝑐𝑖

A- 1

Here, 𝑇𝑐𝑖 – critical temperature of the individual species.
Critical pressure of the mixture 𝑃𝑐𝑚 :
𝑃𝑐𝑚 = ∑𝑖 𝑥𝑖 𝑃𝑐𝑖

A- 2

Here, 𝑃𝑐𝑖 – critical pressure of the individual species.
Critical density of the mixture 𝜌𝑐𝑚 :
𝜌𝑐𝑚 = ∑𝑖 𝑥𝑖 𝜌𝑐𝑖

A- 3

Here, 𝜌𝑐𝑖 – critical density of the individual species.
Molecular weight of the mixture 𝑀𝑚 :
𝑀𝑚 = ∑𝑖 𝑥𝑖 𝑀𝑖

A- 4

Here, 𝑀𝑖 – molecular weight of the individual species.
𝑜
𝑜
𝑜
𝑜
Next, find 𝐹𝑃𝑚
a 𝐹𝑄𝑚
. Here, 𝐹𝑃𝑚
a 𝐹𝑄𝑚
are low-pressure polarity and quantum factors of the

mixture and they are determined as follows.
𝑜
𝑜
𝐹𝑃𝑚
= ∑𝑖 𝑥𝑖 𝐹𝑃𝑖

A- 5

𝑜
𝑜
𝐹𝑄𝑚
= (∑𝑖 𝑥𝑖 𝐹𝑄𝑖
)𝐴
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𝑜
𝑜
In the above equations, 𝐹𝑃𝑖
a 𝐹𝑄𝑖
are low-pressure polarity and quantum factors of each species.

These quantities depend upon the reduced dipole moment 𝜇𝑟𝑖 and critical properties of the species
𝑃𝑐𝑖 (bar) and 𝑇𝑐𝑖 (K).
𝜇𝑖2 𝑃𝑐𝑖
𝜇𝑟𝑖 = 52.46 ( 2 )
𝑇𝑐𝑖
Here, 𝜇𝑖 dipole moment of the species in debyes.
𝑜
𝐹𝑃𝑖
=1

𝑖𝑓, 0 ≤ 𝜇𝑟𝑖 < 0.022
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𝑜
𝐹𝑃𝑖
= 1 + 30.55(0.292 − 𝑍𝑐𝑖 )1.72 𝑖𝑓, 0.022 ≤ 𝜇𝑟𝑖 < 0.075

𝑜
𝐹𝑃𝑖
= 1 + 30.55(0.292 − 𝑍𝑐𝑖 )1.72 [0.96 + 0.1(𝑇𝑟 − 0.7)]

𝑖𝑓, 0.075 ≤ 𝜇𝑟𝑖
𝑜
The following factor 𝐹𝑄𝑖
is used only for quantum gases He, H2 and D2.
𝑜
𝐹𝑄𝑖
= 1.22𝑄 0.15 {1 + 0.00385[(𝑇𝑟 − 12)2 ]1/𝑀 𝑠𝑖𝑔𝑛 (𝑇𝑟 − 12)}

Where 𝑄 = 1.38 𝑓𝑜𝑟 𝐻𝑒, 0.76 𝑓𝑜𝑟 𝐻2 , 𝑎𝑛𝑑 0.52 𝑓𝑜𝑟 𝐷2 and 𝑠𝑖𝑔𝑛 ( ) indicates whether
to use +1 or -1 depending on whether the value of the argument is greater than or less than zero.

Also, in Eq. A6,
0.87

𝑀

𝐴 = 1 − 0.01 ( 𝑀𝐻 )
𝐿

𝑀

for 𝑀𝐻 > 9 and 0.05 < 𝑥𝐻 < 0.7;
𝐿

𝐻𝑒𝑟𝑒, 𝑀𝐻 𝑎𝑛𝑑 𝑀𝐿 − 𝐻𝑖𝑔𝑒𝑠𝑡 𝑎𝑛𝑑 𝑙𝑜𝑤𝑒𝑠𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 𝑎𝑚𝑜𝑛𝑔 𝑡ℎ𝑒
𝑐𝑜𝑛𝑠𝑖𝑡𝑖𝑡𝑢𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒.
𝐴 = 1, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

Now, based on 𝑇𝑐𝑚 and 𝑃𝑐𝑚 the reduced pressure (𝑃𝑟 ) and reduced temperature (𝑇𝑟 ) are
estimated.

Further, calculate a parameter value 𝑍1 as follows:
126

𝑍1 = [0.807𝑇𝑟0.618 − 0.357 exp(−0.449 𝑇𝑟 )
+0.340 exp(−4.058 𝑇𝑟 ) + 0.018]𝐹𝑃𝑜 𝐹𝑄𝑜
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Next, calculate parameter 𝑍2 :
Here, 𝑇𝑟 is always greater than one for sCO2 mixtures because the unburnt is
approximately 1000 K.
If (1 < 𝑇𝑟 < 40) and (0 < 𝑃𝑟 ≤ 100), then
𝑍2 = 𝑍1 [1 +

𝑎𝑃𝑟𝑒
𝑓

𝑏𝑃𝑟 + (1 +𝑐𝑃𝑟𝑑 )

−1

]
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The following expressions must be used for computing 𝑍2
𝑎=

𝑎1
𝛾
exp(𝛼2 𝑇𝑟 )
𝑇𝑟

𝑏 = 𝑎(𝑏1𝑇𝑟 − 𝑏2 )
𝑐=

𝑐1
exp(𝑐2 𝑇𝑟𝛿 )
𝑇𝑟

𝑑=

𝑑1
exp(𝑑2 𝑇𝑟𝜀 )
𝑇𝑟

𝑒 = 1.3088
𝜁

𝑓 = 𝑓1 exp(𝑓2 𝑇𝑟 )

and 𝑎1 = 1.245 X 10−3

𝑎2 = 5.1726

𝑏1 = 1.6553

𝑏2 = 1.2723

𝑐1 = 0.4489

𝑐2 = 3.0578

𝛿 = −37.7332

𝑑1 = 1.7368

𝑑2 = 2.2310

𝜀 = −7.6351

𝛾 = −0.3286
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𝑓1 = 0.9425

𝑓2 = −0.1853 𝜁 = 0.4489

Compute 𝑌 from 𝑍1 and 𝑍2 .
𝑌=

𝑍2
𝑍1

𝐹𝑃 =

𝐹𝑄 =

𝑜
1+(𝐹𝑃𝑚
−1)𝑌 −3

A- 9

𝑜
𝐹𝑃𝑚

𝑜
1+(𝐹𝑄𝑚
−1)[𝑌 −1 −(0.007)(ln 𝑌)4 ]
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𝑜
𝐹𝑃𝑚

The supercritical mixture viscosity 𝜂 is calculated as follows,

𝜂=

𝑍2 𝐹𝑃 𝐹𝑄
𝜉

units → μP

Here, 𝜉 = 0.176 (𝑀

𝑇𝑐𝑚

𝑚

3 𝑃4
𝑐𝑚

A- 11

). Also, 𝑃𝑐𝑚 is in bar and 𝑇𝑐𝑚 is in K.

Thermal conductivity modeling:

The analytical expressions for thermal conductivity are as follows:

5
(𝜆 − 𝜆0 )Γ𝑍𝑐𝑚
= 1.22𝑒 −2 [exp(0.535𝜌𝑟 ) − 1]

𝑤ℎ𝑒𝑟𝑒 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝜌𝑟 < 0.5
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5
(𝜆 − 𝜆0 )Γ𝑍𝑐𝑚
= 1.14𝑒 −2 [exp(0.67𝜌𝑟 ) − 1.069]

0.5 < 𝜌𝑟 < 2.0
5
(𝜆 − 𝜆0 )Γ𝑍𝑐𝑚
= 2.60𝑒 −3 [exp(1.155𝜌𝑟 ) + 2.016]

2.0 < 𝜌𝑟 < 2.8
Here,
1/6

𝑇𝑐𝑚 𝑀𝑚 3
Γ = 210 (
)
4
𝑃𝑐𝑚
𝜌𝑟 =
𝜆

𝜌
; ρ is computed from equation of state used
𝜌𝑐𝑚

− thermal conductivity of supercritical mixture

𝑊
𝑚𝐾

𝜆0 − low pressure thermal conductivity mixture at 1 bar
pressure

𝑊
𝑚𝐾

𝑍𝑐𝑚 − critical compressibility factor of the mixture
𝑇𝑐𝑚 , 𝑃𝑐𝑚 − critical temperature and pressure of the mixture (used from Viscosity calculation;
units → K and bar respectively)
The value of 𝜆0 is estimated from Wassiljewa method [56]
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